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Abstract
High entropy alloys (HEAs) have emerged as an exciting class of materials with the
potential for a wide range of structural, high-temperature applications. HEAs may be defined on a
compositional basis as five or more principal elements in equimolar ratios. This definition led to
the term “high entropy” due to the high configurational entropy which is obtained with principal
elements in these amounts. The combination of elements has contributed to materials that may
favor solid-solution phases over intermetallic phases and have the potential to possess highly
desired material properties including high yield and creep strength. The inclusion of refractory
metals into these alloys further expands their application potential. In fact, several refractory high
entropy alloys (RHEAs) have been explored in recent years. The MoNbTaW RHEA has been one
of the first and most significant ones in this family. While current interests span various
compositions, the attention is focused on CrNbTaVW and CrMoNbTaW RHEAs for their
application in extreme environments. The CrMoNbTa in the as-received condition processed
through vacuum arc melting was found to be a multiphase microstructure containing three phases.
The microstructure was assessed after a 6-hour anneal in the temperature range of 600-900 0C for
which it was thermally stable. The oxidation resistance was evaluated in the temperature range of
600-14000C for both 12 and 24 hours, obtaining a moderate oxidation resistance. The surface
oxidation scale was found to consist of two main oxides of Cr-Nb-Ta and Ta-Nb-W which become
more defined at high temperatures. Atomistic simulations on the dislocation behavior for this alloy
family were also performed. The stress required to move a dislocation improved in HEA
compositions as compared to the pure metals. It was found that Cr-containing compositions obtain
higher strength values which were believed to be influenced by the increase in lattice distortion.
Long dislocations of pure metals and HEA compositions were evaluated in both a void-free and
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void-containing lattice. The presence of an obstacle such as a void improved the strengthening of
pure metals and HEAs. The combined experimental and theoretical results of the present work
provide fundamental insights into these RHEAs to design advanced materials for high-temperature
applications.
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Chapter One: Introduction
1.1 History of High Entropy Alloys
Looking back through history, as far as the Stone Age, material alloying has been an
important concept for the applications of everyday life. Some of the earliest metallic alloys to come
about included bronze, steel, and copper alloys. Many of these early alloys followed the concept
of conventional alloying techniques: using a single principal component and then adding small
additions of various other components to enhance the material. Materials research has commonly
focused on improving the properties of conventional alloys until a new concept arose in 2004. This
year marked the first two publications on multicomponent alloys. The Yeh et al. group studied the
CuCoNiCrAlxFe system and found that the alloys exhibited a simple structure rather than a
complex one, as was expected, containing intermediate and intermetallic phases [1]. The Cantor
et al. group also studied an equiatomic FeCrMnNiCo alloy which formed a single FCC solid
solution [2]. The result of such simple solid solution structures was believed to have been a result
of the high entropy obtained from the equiatomic amounts of each element. This gave rise to the
name high entropy alloys (HEAs), as they are commonly referred to now. While many in the HEA
community believe 2004 marks the beginning of this alloy research, both the Yeh group and Cantor
group began research on this work several years prior [3]. During the 1990s, Yeh began
experimenting with multicomponent alloys, as he believed a high entropy of mixing because of
the components would contribute to a reduced number of phases. Until 2004, the work on these
studies was only published as twelve master’s theses. [4-15]. The Cantor group also began their
work prior to the first published article in 2004 [3]. In 1981 Cantor had an undergraduate student
begin work on the FeCrMnNiCo alloy. This work was continued by a subsequent master’s student.
The work of both students was only published as theses prior to 2004 but contributed to the bulk
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of the published article. Both Yeh and Cantor are renowned as pioneers of high entropy alloys and
sparked what has led to nearly 20 years of materials research.
1.2 Concepts of High Entropy Alloys
A formal, agreed-upon definition of high entropy alloys has been discussed and disputed
consistently as research has continued. Some researchers have regarded high entropy alloys be
defined based on composition, while some believe that entropy is the primary factor. Regardless
of definition, the main objective of high entropy alloys is motivated by creating single-phase
solution alloys rather than those with intermetallic or intermediate phases. The belief is that
alloys of this nature will exhibit superior properties to those obtained by conventional alloys.
There are three primary definitions that have been accepted to define high entropy alloys and are
subsequently discussed below.
The work of Yeh et al. provided the first composition-based definition of high entropy
alloys. The work in 2004 stated that HEAs are defined as those alloys composed of five or more
principal elements in equimolar ratios [1]. This work allowed the possibility to extend the scope
of alloys for the composition-based definition by noting that these alloys may contain principal
elements of a composition ranging between 5 and 35% atomic percent. The definition based
solely on composition does not use entropy as a factor and places no condition on the formation
of solid solution formation [16]. This composition-based definition provides a vast space for
potential alloy compositions.
High entropy alloys may also be classified considering the magnitude of entropy of an
alloy. Entropy is considered based on a thermodynamic system that attempts to reach equilibrium
by minimizing the value of Gibbs free energy of a system [17] following
𝐺 = 𝐻 − 𝑇𝑆
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(1)

Prediction of the lowest energy state of an alloy may be compared with the free energy of
mixing (ΔGmix) of different states to identify which bears the lowest ΔG mix. The changes in free
energy of mixing can be identified by
∆𝐺

= ∆𝐻

(2)

− 𝑇∆𝑆

where ΔHmix is the enthalpy of mixing and ΔSmix is the entropy of mixing [17]. According to the
Boltzmann hypothesis, the configurational entropy of mixing for an n-element equimolar alloy is
calculated from:
∆𝑆

= 𝑅ln(n)

(3)

Where R is the gas constant (8.314 J/mol K) [1]. Figure 1 below plots the entropy of
mixing calculated following Equation 3 according to the number of equimolar components used
in an alloy. The plot illustrates that an increase in the number of elements increases the entropy
of mixing for a system, which is believed to contribute to the solid solution phase formation. A
value of five elements is chosen as the lower bounds, as it is considered the point at which the
entropy of mixing will counterbalance the enthalpy of mixing, thus minimizing the value of the
free energy of mixing [17].
Following the principle of calculating the entropy of mixing, alloys can be classified
based on the magnitude of entropy from the number of elements utilized for equimolar alloys.
Multiprincipal element alloys can be classified following the criteria [17]:
Low Entropy Alloys: ΔSconf ≤ 0.69R
Medium Entropy Alloys: 0.69R ≤ ΔSconf ≤ 1.61R
High Entropy Alloys: ΔSconf ≥ 1.61R
The plot within figure one calculates the configurational entropy for various n-values of
elements. A value of five elements satisfies the definition of a high entropy alloy. The entropy3

based definition outlined above classifies alloys based solely on equiatomic compositions,
however, the potential exists that the alloy may not always be equiatomic. To evaluate alloys that
are not equiatomic based on entropy, Yeh [18] outlined an alternative way to evaluate the
configurational entropy for a system. The configurational entropy of a system (ΔS config) can be
calculated by the summation equation:
∆𝑆

= −𝑅 ∑

𝑋 𝑙𝑛𝑋

(4)

where Xi is the mole fraction of the ith component and R is the gas constant [18]. A lower
bound of 1.5R was selected as a reasonable value to classify an HEA since it is just below the
equiatomic value of 1.61R, yet higher than the value of 1.39R for an equimolar quaternary alloy
and believed to be large enough to compete with the enthalpy of mixing. Thus, to classify alloys
that are not equiatomic, the following criteria applies:
Low Entropy Alloys: ΔSconf ≤ 1R
Medium Entropy Alloys: 1R ≤ ΔSconf ≤ 1.5R
High Entropy Alloys: ΔSconf ≥ 1.5R

4

For both classifications, whether equiatomic or not, alloys may generally be regarded as
“high entropy” alloys when containing five or more principal elements, “medium entropy” when
containing three or four principal elements, and “low entropy” alloys when containing only one
or two principal elements. Using data obtained from [18], figure two plots the configurational
entropies of commonly used commercial alloys. It is evident that most commercial alloys have a
low entropy, with some ranging into the medium range and none reaching the high entropy value
above 1.5R. This indicates that HEAs may have a greater potential to promote solid solution
formation and thus lead to enhanced materials properties.

Figure 1:The entropy of mixing based on the number of elements in an
equimolar alloy.
Because there are many different combinations of alloys that can exist following both the
composition and entropy-based definitions, some researchers have combined the two definitions
to narrow the scope of alloys that can be classified as a high entropy alloy. There have also been
5

interpretations that an HEA must be a single-phase solid solution, which has been a primary
motivation for HEAs as they are preferable over intermetallic phase formation.

Figure 2: Calculated Configurational Entropies of Traditional Alloys of data
obtained from [18].
1.3 Core Effects of High Entropy Alloys
The basis of materials design is the relationship between the structure, processing,
performance, and properties of a material. Several factors may affect this relationship during the
design of an alloy to obtain the desired outcome. Figure 3 illustrates the correlation between
these factors. It is evident that the structure of a material is related to the composition used and
results in a microstructure that may be affected by the processing technique used to manufacture
such alloy. This resulting microstructure can affect the properties exhibited by the material which
all play into the performance. This understanding of a core physical metallurgy principle can
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help to improve materials. In high entropy alloys, there are four main effects that are considered
to play a role in the enhanced properties.

Figure 3: A schematic representation of the relationship between the
structure, properties, processing, and performance of
materials.

1.3.1 High Entropy Effect
The high entropy effect stems from the coined name, thus an increased configurational
entropy with five or more elements may favor solid-solution phases over competing for
intermetallic or intermediate phases [16]. If a single-phase solid solution is formed in an alloy, this
would make for a much simpler microstructure than what may be expected. The formation of such
solid solution phases is believed to be promoted by the high entropy, particularly at high
temperatures [19]. The resulting microstructure may otherwise exhibit a more complex structure
including intermetallic compounds that are brittle and difficult to understand. For this reason, the
formation of intermetallic compounds often tries to be avoided.
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1.3.2 Lattice Distortion Effect
When evaluating HEAs structurally, there exists a size difference amongst the different
atoms that randomly occupy lattice sites in a matrix. Because of such atomic size differences,
there is a certain degree of lattice distortion caused. This lattice distortion is uncertain in various
positions and is said to contribute to the excess configurational entropy, thus adding to the
overall total configurational entropy of a system [16]. Lattice distortion has been shown to have a
positive effect on the material properties, including an increase in hardness and strength, x-ray
diffraction peak intensity reduction, and a reduction in the electrical and thermal conductivities
[19]. These properties have also been shown to be relatively insensitive to temperature. A
schematic representation of lattice distortion in a matrix containing different atoms in random
lattice sites is demonstrated in Figure 4. It is evident that a matrix of single atoms results in a
perfect lattice while an HEA matrix results in a distorted lattice. The entire solute matrix of an
HEA will produce a lattice in which every atom in the lattice site has a different first neighboring
atom and therefore suffer a certain degree of distortion.

(a) matrix of one single element resulting in a
perfect lattice

(b) matrix of multiple elements resulting in a
distorted lattice

Figure 4: Comparison of a perfect lattice and a distorted lattice.
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1.3.3 Sluggish Diffusion Effect
Sluggish diffusion of atoms has also been proposed in HEAs as it may lower the diffusion
rate of atoms and therefore, phase transformations in the matrix [19]. For phase transformation to
occur, a cooperative diffusion of different atoms is necessary. If the rate of diffusion of atoms is
reduced, the overall transformation rate of alloys is reduced. It has been noted that the slowest
diffusing elements will often determine the transformation rate. The variation of atoms in
occupied lattice sites causes an irregular diffusion of vacancies or atoms. Though experimental
observations are limited because of the difficult nature of experiments, sluggish diffusion has
been observed in a CoCrFeMnNi HEA in which it was observed that substitutional diffusion was
difficult and higher activation energies were required [20]. A mechanism for sluggish diffusion
was proposed: atoms along a diffusion path experience large fluctuations in lattice potential
energy causing a large diffusion barrier due to the variation of atoms along a diffusion path.
1.3.4 “Cocktail” Effect
The last of the four main core effects are termed the “cocktail” effect. This description is
less of a scientific one and more of a descriptive term used to accentuate the pleasure associated
with a positive outcome in alloy design. This description was first presented by Ranganathan
[21] using the term “multimetallic cocktails”. In his publication, he highlights how alloy design
began as an accidental discovery and as research has progressed, unusual combinations have
continued to provide ‘super’ properties [21]. The importance of the cocktail effect is that one
may obtain exceptional results from unexpected synergies [16] which describes much of the
HEA research.
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1.4 Taxonomy of High Entropy Alloys
As previously described, according to the varying definitions surrounding high entropy
alloy classifications, there exists a vast composition space of alloys. Once an alloy is classified as
a high entropy alloy, it can further be described based on the principal constituent elements which
make up the alloy. Since the high entropy alloy inception, nearly two decades of research have
resulted in a multitude of alloy compositions. Many of these alloys have been comprised of nearly
40 elements, spanning the use of elements included, but not limited to, alkaline earth metals,
transition metals, metalloids, and even non-metals in some cases [16]. Based on the elements
utilized, such HEAs can be classified into an alloy family. There have been seven alloy families
described thus far: 3d transition metals HEAs, refractory metal HEAs, light metal HEAs,
lanthanide transition metal HEAs, precious metal HEAs, brass and bronze HEAs, and interstitial
compound HEAs [16]. Though there exist HEAs belonging to all seven alloy families, the two
which have been the most widely studied are the refractory metal and 3d transition metal families
with the latter being the most popular. The focus of this study is on alloys classified as refractory
HEAs.
1.5 Refractory High Entropy Alloys
HEAs classified in the refractory alloy family consist of elements that contain at least four
refractory elements [16]. These elements include Cr, Hf, Mo, Nb, Ta, Ti, V, W, and Zr. Refractory
metals are those classified based on their high melting temperature. Various definitions exist
defining the exact melt temperature of these metals, but it may generally be stated as any
temperature higher than iron (15350C) [22]. These metals are a group of transition metals whose
interatomic bonding possesses high strength, allowing them to have a high melting point,
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mechanical strength, and electrical resistance. For this reason, they are commonly known as being
heat-resistant materials [22i].
As previously stated, this alloy family has not been studied as in-depth as those in the 3d
transition family, though has gained popularity in recent years for its potential to be used in hightemperature applications. The utilization of refractory elements into high entropy alloys was first
developed by Senkov et al. in 2010 [23]. At that time, high entropy alloy research had focused on
the use of late transition metals (Co, Cu, Fe, Ni, etc.) and there had been no exploration about
using refractory elements. HEAs designed using refractory elements were called refractory high
entropy alloys (RHEAs). The main objective was to create a metallic alloy for high-temperature,
load-bearing structures, and thermal protection [24].
1.5.1 Basic Properties of Common Refractory Elements
Understanding the role each element can play in an alloy during design requires the
knowledge of the basic properties inherent to each constituent element. Refractory elements are
classified because of their high melting temperatures, making them desirable for high-temperature
applications. Table 1 outlines the key properties of each element utilized in this study including
the melting point, density, lattice parameter, Young’s modulus, and coefficient of thermal
expansion (CTE), all of which are important aspects that may affect an alloy’s behavior. The
elements outlined all have melting points above 18000C, ranging from 1875-33800C. They also
have a wide range of density values, with V having the lowest at 6.1 g/cm 3 to W, which has a very
high density of 19.3 g/cm3. The differences in the lattice parameter will give rise to the lattice
distortion that will be experienced in the matrix, especially with the inclusion of Cr, which has a
small lattice parameter of 2.885 Å relative to the other elements included. The Young’s modulus
and coefficient of thermal expansion (CTE) variation also indicate that the mixture of these metals
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results in different properties. Evaluating the differences in the elemental properties play a role in
the alloy design. For example, it is possible to create a high-strength material with the inclusion of
W or Mo, but this will result in a high-density material. If the opposite is desired, i.e., a low-density
material, then V can be used but will result in a sacrifice in strength. By evaluating and
understanding the properties innate to each element, the role which they play in the resultant alloy
properties can be further identified.
Table 1: Basic properties of the six refractory metals used in this work. Data obtained from [22].
Element
Melting
Density
Lattice
Young’s
Coefficient of
0
3
Point ( C)
(g/cm )
Parameter (Å)
Modulus
Thermal
(GPa)
Expansion (10-6
per 0C)
Cr
1875
7.19
2.885
279
8.4
Mo
2610
10.28
3.147
329
4.9
Nb
2468
8.57
3.301
105
7.1
Ta
3000
16.6
3.303
186
6.5
V
1919
6.1
3.024
128
8.3
W
3380
19.3
3.165
390
4.6

1.5.2 Oxidation Data of Refractory Metals
Since oxidation is a primary aspect of this work, identifying the potential oxides which may
form and the point at which they may form is also important. Table 2 outlines some of the notable
oxides that form because of each constituent element. Note that this table only outlines binary
oxides, however high entropy alloys have the potential to form several complex oxides that may
be difficult to identify and characterize.
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Table 2: Oxide formation energies of common oxides of constituent elements used in this work.
Data obtained from [25].
Oxide

Remarks

Cr2O3
MoO2

Oxidizes to
MoO3

MoO3
NbO2

Oxidizes to
Nb2O5 upon
heating

Nb2O5
Ta2O5

α and β phase
exist

VO
V2O3

Oxidizes to
V2O5 upon
heating

V2O5
V3O5
WO2
WO3

Structure

Heat of Formation
(H298, kJ/kmole)

Melting Point
(0C)

Color

Trigonal

1142.0

2334 ± 25

Green (dark)

Monoclinic

548.5

1927

Dark Brown

Rhombohedral

755.0

801 ± 2

Green/Yellow

Tetragonal

797.0

2080 ± 20

Blue/Black

Varies

1905.0

1490 ± 20

White/Grey/Black

Rhombohedral

2047.0

1785 ± 30

White

Cubic

410.0

1830 ± 20

Grey/Black

Trigonal

1239.0

1970 ± 20

Black

Rhombohedral

1560.0

670-685

Red/Yellow/Orange/Brown

Monoclinic
Oxidizes to
WO3

1827

Monoclinic

573.6

1570

Brown

Tetragonal

840.9

1470-2130

Yellow/Green/Blue

1.5.3 Hume-Rothery Rules for Refractory Metals
One major aspect of high entropy alloys is that they may preferentially form solid solutions
over intermetallic or intermediate phases. Because of this, it is imperative to confirm that the
constituent elements used in high entropy alloys can form solid solutions. To confirm this, the
Hume-Rothery for solid solutions can be applied. The Hume-Rothery Rules are as follows:

1

Similar atomic radii (less than 15% difference)

2

Similar electronegativity

3

Similar crystal structure

4

Similar valence

13

The six elements used in this work were all compared and evaluated to see if they met such
rules. Table 3 outlines the binary groups of elements. All sets of elements in binary combination
meet the requirements of the Hume-Rothery rules and show they can form solid solutions.

Table 3: Crystal structure, atomic radius, electronegativity, and valence of each constituent
elements and the binary combinations to abide the Hume-Rothery rules. Data
obtained from [22].
Crystal
Atomic Radius Electronegativity
Valence
Structure
Cr
BCC
129
1.56
6
Mo
BCC
140
1.30
6
Nb
BCC
147
1.23
5
Ta
BCC
147
1.33
5
V
BCC
135
1.45
5
W
BCC
141
1.40
6
Cr-Mo
Same
9%
17%
Similar
Cr-Nb
Same
14%
21%
Similar
Cr-Ta
Same
14%
15%
Similar
Cr-V
Same
5%
7%
Similar
Cr-W
Same
9%
10%
Similar
Mo-Nb
Same
5%
5%
Similar
Mo-Ta
Same
5%
2%
Similar
Mo-V
Same
4%
12%
Similar
Mo-W
Same
1%
8%
Similar
Nb-Ta
Same
0%
8%
Similar
Nb-V
Same
8%
18%
Similar
Nb-W
Same
4%
14%
Similar
Ta-V
Same
8%
9%
Similar
Ta-W
Same
4%
5%
Similar
V-W
Same
4%
3%
Similar

1.5.4 Potential Applications for Refractory High Entropy Alloys
The interest in HEAs has focused largely on the superior mechanical properties they may
obtain. The extensive options leave the possibility for several different industries and applications
which may include, extreme temperature environments, catalytic applications, chemical
environments, defense applications [26]. The alloy class of RHEAs display great potential for the
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extreme temperature environments because of their functional and structural properties. The main
objective behind the development of RHEAs has been to create a structural class of materials that
could withstand such extreme, high-temperature environments. Refractory metals are commonly
used in alloys for high temperature or extreme environment applications, including within the
aerospace, nuclear, and chemical industries. They are also commonly used in corrosive
environments. Potential commercial applications of these types include land-based gas turbines,
heat exchanger tubing in the chemical process industry, nuclear reactors, and various components
in the aerospace industry including propulsion systems [24]. In addition to high-temperature
applications, RHEAs may also be useful in applications currently using conventional refractory
metals and alloys or superalloys.
Much of the research has focused on surpassing the properties of the commercial alloys and
superalloys, such as nickel-based, iron-based, titanium based, and cobalt-based alloys. Such alloys
used in commercial applications require a combination of high-temperature strength (including
tensile, fatigue, and creep) and environmental tolerance (including oxidation, corrosion, and wear).
One example of such applications includes gas turbine blades and vanes which operate at
temperatures up to 10000C [24].
Aerospace applications present an especially difficult environmental challenges because of
the changes in temperatures and pressures which the components may experience. The material
design must also be conscience of the weight and density of the material to reduce fuel
consumption, operating costs, and pollution and must select components due to their lightweight
features [27]. The authors in [27] provide an in-depth review of HEAs, including RHEAs and other
families, that have potential for aerospace applications.
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Another avenue that has been explored for RHEAs has been as nuclear energy components,
for example in fusion reactors. Nuclear reactors pose particularly severe materials environments
that include a combination of high temperature and stresses, contact with chemically aggressive
coolants, and aggressive radiation fluxes [28]. The promise and expansion of nuclear power
worldwide has created a demand for materials to be used in such applications. Two HEAs focused
on vanadium were studied that were believed to be favorable for nuclear fusion applications [29].
Two alloys of V-Cr-Mn and V-Cr-Mn-Ti were examined because of the low activation elements
chosen. The alloys formed a single BCC phase, which is beneficial for fusion applications. The
group of alloys showed good promise for further development and use of HEAs in nuclear fusion
applications. Other studies of RHEAs have shown great promise which also targeted nuclear
applications as the intended use [30-32].
Some less common applications explored for RHEAs have been WC-based matrix body
drill bits [33] and use in medical applications [34], both of which showed great possibility in its
respective application.

1.5.5 Mechanical Properties of Refractory High Entropy Alloys
The interest in high entropy alloys has grown largely in the past two decades because of
the promise of superior mechanical properties. In both 3D transition metals and refractory high
entropy alloys, encouraging experimental results have been obtained, however, the focus of this
work will be placed on refractory high-entropy alloys. Two refractory HEAs marked the start of
these propitious results: a quaternary WNbTaMo alloy and a quintenary WNbMoTaV alloy [23].
Both alloys were the first of their kind to be studied in equiatomic amounts containing all
refractory alloys. The alloys both maintained a BCC structure and had some indications of a
disordered solid solution. The quaternary alloy obtained an average microhardness value of H V =
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4455 MPa and the quintenary alloys had an average microhardness of H V = 5250 MPa, both of
which are significantly higher than that of pure elements [23]. The increased hardness of the
quintenary alloy was attributed to the addition of V, which has a smaller atomic radius and
therefore introduced lattice strains into the matrix, a core effect of HEAs. The addition of V was
also believed to have had a solid solution-like strengthening mechanism, as there was no
significant difference in grain size.
The exciting results of the quaternary and quintenary alloys boosted further evaluation of
these alloys at elevated temperatures. The same alloy compositions, a quaternary WNbTaMo
alloy, and a quintenary WNbMoTaV alloy were investigated from room temperature up to
16000C to identify the ductile-to-brittle transition temperature (DBTT) and the temperature
dependence on the yield strength [35]. For deformation at room temperature, the alloys exhibited
a yield strength of 1058 MPa and 1246 MPa respectively. The fracture mode indicates that the
ductile-brittle transition temperature (DBTT) for the alloys are above room temperature. Across
the 600-10000C temperature range, both alloys displayed good plastic flow and only saw a slight
decrease in yield strength within this range. At a temperature of 1600 0C, the quaternary alloy
yield strength decreased to a value of 405 MPa while the quintenary alloy had a comparable
yield strength of 477 MPa. Both alloys were able to maintain a dendritic microstructure up to
14000C. Though the decrease in yield strength from room temperature to 1600 0C may appear
large, when compared to two commercially used superalloys, both alloys show competitive, and
even superior, strength values, especially at elevated temperatures. At temperatures below
8000C, the quintenary alloy has commensurable values to Inconel 718. Above 1000 0C both
alloys exhibit far greater strength values and indicate they would be suitable candidates in high
temperature commercial applications [35].
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Additional studies based around the MoNbTaW and MoNbTaVW alloys began after the
two articles published by the Senkov group. A similar MoNbTaV quaternary alloy was studied at
room temperature and was able to obtain results exceeding that of the MoNbTaW quaternary alloy.
The MoNbTaV alloy had a maximum yield stress of 1.5 GPa [36], compared to the ~1 GPa
obtained by the MoNbTaW alloy. Though the yield stress was higher, the microhardness values
were comparable, obtaining a value of Hv = 4947 MPa compared to the Hv = 4455 MPa in the
MoNbTaW alloy. Similar studies continued to expand on the two alloys. A set of Ti xNbMoTaW
(x=0, 0.25, 0.5, 0.75, 1) refractory high entropy alloys were evaluated [37]. The yield strength
value of 996MPa for the composition containing no Ti content (MoNbTaW) was comparable with
that of the Senkov study [23] at room temperature. The addition of Ti increased the yield strength,
and as the Ti amount increased, the yield strength correspondingly increased. For the composition
Ti1NbMoTaW, the yield strength reached a high of 1455 MPa [37]. The strengthening was
attributed to a solid solution hardening effect and indicates that alloying can effectively be done to
improve the strength and ductility of such RHEAs.
Since the induction of RHEAs by the Senkov group in 2010 [23], several studies have been
conducted to evaluate the mechanical properties of this alloy family both at room temperature and
elevated temperatures. Studies including the five main refractory elements originally used by
Senkov (Mo, Nb, Ta, V, and W) have varied the amounts of alloying additions and processing
techniques, many showing promising results [38-43]. As further studies have been done, there
have been several reviews that have now been published to compile and compare the encouraging
results of many of the RHEAs [24,44,45].
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1.5.6 Oxidation of Refractory High Entropy Alloys
Refractory elements have commonly been disregarded in terms of oxidation resistance due
to their poor performance in elemental form. For instance, above 800 0C Mo forms gaseous oxides
known to evaporate quickly [46]. V is easily oxidized, forming V 2O5, which has a low melting
point of 6900C [47]. W is also capable of forming an easily evaporated oxide, WO 3 at 11500C [48].
While some other refractory elements, such as Nb, may not form oxides that easily evaporate or
volatize, they have a high solubility of oxygen [49]. While many refractory elements do not form
protective oxides scales, one of importance does: Cr. Cr is known to form a protective oxide scale,
chromia (Cr2O3). For this reason, it has been used in several commercial alloys, including stainless
steels and Ni-based superalloys. The inclusion of Cr into several refractory high entropy alloys has
proven beneficial. For example, an AlSiTiCrNbMoTa RHEA was deemed oxidation resistant,
forming a protective CrTaO4 oxide scale [50]. In addition to adding elements beneficial for
oxidation resistance, the high concentrations of constituent elements are believed to slow the
diffusion of oxygen [44], relating back to one of the core effects of HEAs: sluggish diffusion.
Oxidation studies on these RHEAs have shown that despite large amounts of refractory
elements present, they can still exhibit acceptable, if not good, oxidation resistance. A
MoWAlCrTi RHEA showed a surprisingly good oxidation resistance after 40 hours of exposure
at 10000C [51]. The alloy followed a parabolic rate law which indicated that the oxide scale growth
progressed through solid state diffusion. A similar NbMoCrTiAl RHEA was also evaluated with
and without Si addition [52]. The RHEA without Si addition showed only a moderate mass gain
during oxidation in air at temperatures of 900 and 1000 0C, following a linear rate law. The addition
of 1 at. % of Si moderately improved the oxidation resistance, but still followed a linear rate law,
indicating that selective alloying in low amounts may be beneficial for enhancing oxidation
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resistance. Similarly, the specific use of Nb was found to enhance oxidation resistance during
cyclic oxidation in a NbTiHfCrGeSi multiphase alloy by promoting the formation of the protective
oxide CrNbO4 and hampering the formation of other complex oxides, such as Ti 2Nb10O29 [53].
Various studies have been conducted on the oxidation behavior of RHEAs to improve alloy
compositions given their strong potential to retain superior mechanical properties at high
temperatures. Oxidation studies conducted include assessing the oxidation performance and
different elevated temperatures and hold times [54, 55], optimization of oxidation resistance
techniques, i.e., pack cementation [56], effect of constituent elements, and alloy composition [57],
and oxidation mechanisms [58]. Though various processed have been investigated, all studies
maintain the same goal of mitigating base material degradation through the formation of a barrier
against the oxidizing environment [59].
1.5.7 Annealing of Refractory High Entropy Alloys
An avenue not commonly explored as often as other aspects are the annealing and heat
treatments of high entropy alloys. Annealing can be done to homogenize or recrystallize a material
or even assess the thermal stability of a material. A few studies on high entropy alloys highlight
this. For example, a CrNbTaVW RHEA was subjected to a 6 hour anneal at 600, 700, and 800 0C
[60]. The annealing treatment did not cause any significant modifications to the microstructure
and the retention of the structure shows evidence of sluggish diffusion, a key element of high
entropy alloys. Similarly, a WTaMoNbTi exhibited a high phase stability in the temperature range
from room temperature to 20000C [61]. The RHEA consisted of a single BCC structure of dendritic
grains which grew into equiaxed grains at 1600 0C. This alloy also indicated a strong resistance to
softening because of dynamic recrystallization. Various other studies have been done on different
RHEAs to further investigate the phase transformations and stability of microstructures [62-64].
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Knowledge of phase transformations at elevated temperatures is of key importance to the high
temperature behavior of these materials, as the microstructure is directly related to the material
properties. The sparse studies about the annealing of high entropy alloys leaves a vast potential of
work to be done in this area and proves to be an emerging aspect of research to assess the thermal
stability. Further investigation into this aspect of high entropy alloys may also reveal more details
and mechanisms of sluggish diffusion and provide further evidence of this fundamental
characteristic.
1.6 Atomistic Simulations and Plastic Deformation Behavior of High Entropy Alloys
Machine learning has demonstrated to be an advantageous and reliable route for further
understanding novel materials, including high entropy alloys. This method has proven to be
notably helpful at the atomic and nano level. Due to the difficulty and time-consuming nature of
experiments used to investigate atomic-level mechanisms, machine learning simulations provide
a relatively efficient and easy way to gain knowledge about a material’s behavior at such a level
and evaluate several alloy compositions at one congruent time.
Atomistic calculations can provide insight into various alloy compositions and help predict
the materials behavior, including the plastic deformation behavior. Studies on the plastic
deformation behavior of HEAs have exhibited exciting results that coincide with many experiment
results [65-70]. To understand the plastic deformation behavior of a material, the knowledge of
the dislocation movement through the metal is required [71]. In body-centered cubic (BCC)
crystals, dislocation glide can occur on various planes under different conditions and will usually
occur on the maximum resolved shear stress planes [72]. The Peierls stress is a measure related to
the dislocation glide in a pure metal, which is the resolved shear stress required to move a
dislocation over at least one lattice site [73]. In HEA systems, the complement of the Peierls stress
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is the local slip resistance (LSR) [74]. In a CoCrFeNiMn alloy and its subsystems, the slip
resistances calculated by a Peierls-Nabarro model were much larger than those in typical FCC pure
metals [75]. This indicated that the high yield strength of the alloys could be a direct result of the
increased slip resistance. Various atomistic simulations have been performed to understand the
plastic deformation behavior of both face-centered cubic (FCC) and BCC MPEAs, many of which
were discussed by [76] and [77]. Recent experimental studies on the plastic deformation behavior
of MPEAs are in good agreement with atomistic simulation studies. The yield stresses of
Al1.2CrFeCoNi micropillars were shown to be insensitive to temperature changes, differing from
pure metals and dilute alloys [78]. The observed temperature insensitivity was attributed to the
dynamic recrystallization involving dislocation tangles and the formation of dislocation cell
structures. Further expansion of the effect of MPEA micropillars used a mixture of molecular
dynamics simulations and transmission electron microscopy (TEM) characterization to shed light
on deformation mechanisms in these alloys. The simulations and TEM observations both revealed
that size effects on yield/flow stress and strain hardening were the result of dislocation mechanisms
[79]. This indicates that simulations may be a good starting point prior to experiments and indicates
the importance that dislocations can have.
For the dislocation motion to occur, bonds must be broken and formed across the crystalline
glide planes, which can be compared to shearing two halves of a crystal across a plane[80]. The
energy required to shear the plane is the generalized stacking fault energy (GSFE) [81, 82]. The
GSFE has been used as a baseline measure for designing MPEAs of various chemical compositions
[83]. The addition of small amounts of Co (0.25 ≤ x ≤ 2) to AlCoxCrFeNi was found to enhance
the ductility and strength based on the evaluation of GSFE curves, as well as to provide insight
into the surface energy values of different slip planes. GSFE calculations are useful for studying
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the effect of different element concentrations and compositions and how they affect the plastic
deformation behavior [84].
In addition to dislocations, metallic alloys often contain other material defects such as voids
and precipitates. Defects such as these may be expected to enhance the strengthening of a material
by acting as an obstacle to dislocation motion. Atomistic simulation studies have found interesting
results on the mechanisms related to dislocation motion and their interactions with barriers to
dislocation motion in both FCC and BCC metals [85-87]. The results indicate that obstacles
present in a matrix may be a beneficial contribution but has yet to be largely explored in HEAs
and other mutli-principal element alloys. The lack of research surrounding these alloys leaves an
emerging avenue to explore given the promise in pure metals.
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Chapter Two: Research Problem
2.1 Introduction
High entropy alloys (HEAs) were first introduced as a formal alloying concept in 2004 by
Yeh et al. [1] and Cantor et al. [2]. Since its inception, the materials research community has taken
an active role in investigating the potential these alloys have in commercial applications. Nearly
two decades of research have led to different HEA alloy families, each with different intended
applications. One of such alloy families which have emerged and show exciting promise is
refractory high entropy alloys (RHEAs). Senkov et al. [23] first proposed using refractory metals
as constituent elements in HEAs because of their high melting points and high-temperature
application potential. The two studied RHEAs consisted of equiatomic WNbMoTa and
WNbMoTaV, both of which showed excellent mechanical strength, even at elevated temperatures.
These results prompted the promise this class of materials and embolden the research community
to begin focus on these materials. Because of the ample combination of elements that can be
utilized in high entropy alloys, several studies have been done on various alloy compositions.
Though many have revolved around the original W-Nb-Mo-Ta alloy, there are still several avenues
which can be explored to create an optimal material for high temperature and extreme environment
applications.
2.2 Statement of the Problem
The scope of this work is to study the high-temperature behavior of two refractory high
entropy alloys to be used in extreme environments. The goal is to investigate the high-temperature
properties and characteristics of a CrNbTaVW and CrMoNbTaW alloy. Work on the CrNbTaVW
alloy was a continuation of previous work that was already completed, and work done on the
CrMoNbTaW was compared to evaluate which of the two would be most compatible in extreme
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environments applications. The CrNbTaVW was found to be oxidation resistant up to 800 0C, so
the oxidation layer surface and the interface between the metal and oxide layer was further
investigated to identify the type of oxides forming and which constituent elements play a role in
the oxidation behavior. The CrMoNbTaW exchanged Mo for V because of the volatility and poor
oxidation resistance of V. It is also possible for V to form intermetallic Laves phases which is
often not desired so the swap for Mo eliminates this possibility, as Mo does not form an
intermetallic Laves phase. The high-temperature studies include oxidation studies to evaluate the
oxidation resistance and annealing studies to assess the thermal stability of the alloy. These results
will be compared with atomistic simulations performed at room temperature to further assess the
plastic deformation behavior and relate that to the strength of the material.
2.3 Significance of the Study
The vast space of compositions which exist within the definition of high entropy provides
thousands of potential alloys. Insight and information into various alloy compositions provides the
HEA community with more data to further evaluate potential candidates for use in commercial
applications. The variation of studies included in this research provides a good overall assessment
to decide if these alloy compositions have potential in commercial applications. The work to be
done on the CrNbTaVW RHEA continues to work of [55] and [60] where the alloy was determined
to have a good oxidation resistance at temperatures up to 800 0C for three days in air, however,
could not withstand temperatures in the range of 10000C-14000C. The alloy was also found to be
thermally stable up to 8000C after no microstructural changes were seen after annealing for 6 hours.
There have been no other studies found in literature which examine this alloy composition. The
second alloy composition, CrMoNbTaW, has only been identified once in literature in [56]. The
HEA was fabricated via powder milling and then pack cemented to observe the beneficial effects
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of pack cementation. The characteristics of the base alloy was not studied in depth, therefore
making the experiments performed in this work novel to the research community.
2.4 Research Objectives
The specific research objectives of this work are outlined as follows:
1.

Investigate two novel refractory high entropy alloys.

2.

Evaluate the interface between the metal and oxide layer in the CrNbTaVW alloy

to understand the surface oxide layer and identify predominant oxides and understand the role
which the constituent elements may play in the oxidation behavior.
3.

Characterize the as-received CrMoNbTaW alloy and investigate the high

temperature properties.
4.

Perform atomistic simulations at room temperature to understand the plastic

deformation behavior and relate this to the strength characteristics of this alloy family.
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Chapter Three: Experimental Procedures
3.1 Fabrication of the Alloys
The CrNbTaVW and CrMoNbTaW alloys were procured from Plasmaterials in Livermore,
California. Both alloys were processed through vacuum arc melting in equiatomic proportion using
pure metals of at least 99.9% purity. Each sample was cut by electric discharge machining into
5x5x5 mm cubes. The specific alloy compositions are outlined in Table 4.

Alloy

Table 4: Specific alloy compositions of two RHEAs.
Composition (% atomic)
Cr

Mo

Ta

Nb

V

W

CrNbTaVW

20

0

20

20

20

20

CrMoNbTaW

20

20

20

20

0

20

3.2 Characterization of the As-Received Alloys
The alloys were examined in the as-received condition. The microstructure was examined
by optical microscopy (OM), scanning electron microscopy (SEM), and energy dispersive x-ray
spectroscopy (EDS). The phases and structure of the alloys were identified by x-ray diffraction
(XRD). XRD analysis was performed on an unmounted sample. Prior to the examination, the
sample was cleaned in an ultrasonic cleaner for 2 minutes in ethanol. The sample was then mounted
in a hydraulic mounting press. After mounting, the sample was polished using standard
metallographic techniques to 800 grit.
3.3 Oxidation Experiments
The samples to be oxidized were approximately 5x5x5 mm cubes. Each sample was
ultrasonically cleaned for 2 minutes in ethanol and weighed three times and then averaged from
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the as-received condition before exposure to lab air in its respective oxidation temperature and
time (600, 800, 1000, 1100, 1200, 1300, 1400 0C; 12 or 24 hours). Samples were heated and cooled
at a rate of 100/min. Each sample was placed in the center of a covered alumina crucible and placed
directly below the thermocouple within the furnace. The same furnace was used for each oxidation
experiment. The experiments were performed in a SentroTech ST Muffle Box furnace. The mass
gain per unit area (mg/cm3) as a function of time and temperature is used to determine the oxidation
resistance of each alloy.
3.4 Oxidized Sample Characterization
The oxidized samples were weighed after removal from the furnace after cooling to room
temperature and recorded. Each sample was weighed three times and averaged amongst the
measurements. The oxidation products were characterized by SEM, EDS, and XRD. The
parameters and characteristics of the equipment used for analysis are outlined in Table 5. The
surface morphology was observed using SEM and EDS.
3.5 Annealing Experiments
The samples to be annealed were approximately 5x5x5 mm cubes. Each sample was
ultrasonically cleaned from the as-received condition for 2 minutes in ethanol proper to exposure
to lab air in its respective temperature (600, 700, 8000C) for 6 hours. Samples were heated and
cooled at a rate of 100/min. Each sample was placed in the center of a covered alumina crucible
placed directly below the thermocouple within the furnace. The same furnace was used for each
oxidation experiment. The experiments were performed in a Sentro Tech ST Muffle Box furnace.
After annealing, each sample was mounted in a hydraulic mounting press. After mounting the
samples were prepared using standard metallographic techniques to 800 grit.
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3.6 Annealed Sample Characterization
The annealed samples were mounted in a hydraulic mounting press and then polished
following standard metallographic procedures to 800 grit. The microstructure was analyzed
through SEM and EDS analysis. The structure and phases were examined by XRD. The
equipment parameters and details are outlined in Table 5.
Table 5: Equipment information and operating parameters.
Equipment
Parameters/Operating Conditions
Optical Microscopy

Olympus GX53

SEM/EDS

Accelerating Voltage: 30 KV

Hitachi SU 3500

Probe Current: 90-120 μA
Working Distance: 8-12 mm

SEM/EDS

Accelerating Voltage: 25 KV

Hitachi SU-4800

Probe Current: 8-12 mm

Scanning electron microscope

Working Distance: 8-12 mm

equipped with energy dispersive
spectrometer
Radiation: Cu-Kα (λ=1.54 Å)
X-Ray Diffraction

Step: 0.020

Bruker D8 Discover X-Ray

Time/Step: 0.5 sec

Diffractometer

No. of Steps/Scan: 3084

Microhardness

Duramin A300

Analytical Balance

Sartorius Analytical Balance
Model MC210S

Pace Technologies

Heating Temperature: 2000F

Terapress TP-7500

Heating Pressure: 30 Pa

Hydraulic Mounting Press

Heating Time: 8 minutes
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Chapter Four: Experimental Results and Discussion
Two RHEAs were evaluated to investigate their high-temperature behavior and evaluate if
they may be suitable for extreme environments. A CrNbTaVW alloy in equiatomic proportions
was first evaluated and found to have adequate oxidation resistance up to 800 0C in previous studies
reported in literature [45i]. V was believed to be a detrimental factor for the oxidation resistance,
for which it was exchanged with Mo in the second alloy. The hope is that the exchange of Mo
would offer better oxidation resistance and provide some increased strength. The second alloy
evaluated is an equiatomic CrMoNbTaW alloy. The findings from both alloys are presented here.
4.1 CrNbTaVW Alloy
The results of experimental studies on the as fabricated and annealed equiatomic
CrNbTaVW microstructures were published and reported in [60]. The alloy exhibited a multiphase
microstructure consisting of five different phases. The phases listed below will be referenced in
subsequent sections.



Phase One: Round and bright white, W-rich phase containing trace elements of Cr



Phase Two: Dark gray, cloudy, V-rich phase containing moderate amounts (10-

and V

18%) of Cr, Ta, Nb, and small amounts of W


Phase Three: Grainy, Cr-rich structure containing a mixture of Ta-Cr solid solution

and Laves phase


Phase Four: Light gray, cloudy, Nb-rich phase containing moderate amounts (10-

18%) of Cr, Ta, V, and small amounts of W


Phase Five: Laves phase (VTa2) identified as dark black areas
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After annealing for 6 hours at 600, 700, and 8000C, the microstructure did not exhibit any
significant changes, retaining a multiphase microstructure. In the examined temperature range,
there was no evidence of phase transformation and therefore considered to be thermally stable.

The alloy was further examined for its oxidation resistance and reported in [55]. The metal
loss was considered reasonable and therefore has adequate oxidation resistance up to 1000 0C for
three days in air. Above temperatures of 10000C, the alloy was not able to withstand oxidation
products formed. Two main oxides were identified: one of a cylindrical shape consisting of Ta and
W and one of a granular or nodular shape of Nb and Cr. At 1200 0C, the presence of V appeared
on the surface of the oxide scale [55]. Based on the promising results of the alloy reported in [55],
the interface of the metal and oxide layer was investigated along with the surface oxide layer.

4.1.1 X-Ray Diffraction
The XRD data presented in Figure 5 below had not yet been reported. The five metals used
are all BCC metals and as indicated in the XRD, the alloy retains a BCC structure. Three main
peaks at 390, 580, and 730 align to a BCC structure. The smaller peaks present are identified as Ta
peaks. The lattice parameter is calculated as 3.1759 Å from the XRD scan.
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Figure 5: XRD data of the as-fabricated CrNbTaVW alloy
produced by vacuum arc melting.

4.1.2 Oxidation of a CrNbTaVW HEA
The promising results obtained reported in [55] up to 800 0C led to further exploration of
the interface and surface characteristics of the oxide scale. The substrate-oxide layer interface was
observed at 700 and 8000C after 24 hours of oxidation in air. To evaluate the morphology and
composition of the oxide scale, the surface was investigated at 700 and 800 0C after 48 hours of
oxidation in air.
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4.1.2.1 Cross-Sectional Substrate-Oxide Interface
The composition and microstructure of the alloy was near nominal following the findings
originally reported in [60]. The microstructure present below the oxide layer of the oxidized
sample is presented in Figure 6. EDS spot analysis was performed in various locations to estimate
the composition in different areas. The bulk microstructure consisting of five phases of the
oxidized sample matches that of the as received sample reported in [60] and is considered as a
basis for this work. Medium gray areas noted as B and D in the figure are visible near the interface.
These are the previously identified phase 3 that consists of a Cr-rich structure with a mixture of a
Ta-Cr solid solution and a Laves phase. There is significant cracking within the phases, especially
in area B. An area marked as E shows some presence of O, but is Ta-rich. The remaining four
elements contain similar amounts ranging from 12.9-18.9%. A darker grey area is visible next to
location D. This dark grey area is suspected to be a Ta-rich oxide indicated by the EDS analysis.
The large, dark pore near the bottom left-hand corner of the image is similar in shape and
morphology of a VOx pore which was identified in an NbCrMoTiVAl0.5 alloy.[36] The VO x pores
identified in the NbCrMoTiVAl0.5 alloy were found to have most likely formed because of fusion
or volatilization of a V2O5 oxide. A low melting point of V2O5 at 670 oC is likely to have been a
contributing factor to this. [37] The authors suspect that the large pore identified near the interface
in Figure 6 may be of similar formation.
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Figure 6: Oxide-layer substrate interface of the sample oxidized for 24 hours at 700 0C. EDS
spot analysis is included for reference.

Figure 7 confirms the presence of the five phases previously identified within the substrate
[60]. The areas believed to be these phases are noted in Figure 7 by its respective phase number.
Both Ta and Cr elements appear to stay in solution in the substrate and do have a strong presence
in the oxide layer, which is evident in the EDS elemental mapping. Cracking and voids are present
at the interface boundary which grow upward into the oxide layer and is indicated in Figure 7. Nb
and W are the two main elements that appear most in the oxide layer. There is no significant
constituent element within the oxide layer. A Nb-rich mixed oxide was found just above the
interface at locations A and B, while a W-rich oxide was found in the center of the oxide layer in
the area marked C and D where Cr, V, and Ta were present in similar amounts in both the oxides.
V-rich areas are visible in the substrate near the interface as indicated by the color maps. Voids
and significant cracking at the boundary layer that grows outwards into the oxide layer are visible.
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Figure 7: Color mapping of the oxide-layer substrate interface of the sample oxidized for 24
hours at 7000C. EDS spot analysis is included for reference.

Figure 8 illustrates the nonuniformity of the oxide layer, which appears as a thick, porous
layer. The pores are suspected to be associated with the presence of W and Ta in the oxide layer
in areas near each other because of the difference in coefficient of thermal expansion (CTE). [88,
89]. A large difference in CTE can cause one oxide product may cool faster, which in this case is
W, and causes a difference in contraction leaving a void space. This also contributes to significant
internal stresses seen within the oxide scale. In this case, W has a CTE of approximately 4.8x10 -6,
while Ta has a CTE of approximately 6.7x10-6. Tungsten appears vertically in the oxide layer,
indicating an upward directional growth of the oxide layer. This is visible through the EDS
elemental mapping where strings of W appear throughout the layer. Ta clusters around neighboring
regions of W in the oxide layer. Clusters of a W-Ta oxide appear above the surface layer and within
some of the large pores, which are highlighted in the mapping. Nb, Cr, and V appear to remain in
solution in the substrate, except for Cr, which appears in small amounts throughout the oxide layer.
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Figure 8: Interface of the sample oxidized for 24 hours at 700 0C.

The cross-section of the interface of the oxidized sample at 800 oC for 24h is shown in
Figure 9. A significant amount of porosity and separation crack appears at the interface, like what
was seen at 700oC, possibly due to the occurrence of spallation. The porosity is once again believed
to be a result of a V-oxide that melted or the difference in CTE between Ta and W. No single
element appears to predominate in the oxide layer, though there are areas of a Cr-rich and W-rich
oxide dispersed throughout. Figure 10 shows a similar oxide layer to that at 700 oC, which is nonuniform and porous in nature. V appears in small clusters, closer to the interface area and center
of the oxide layer. There is no V that appears at the surface of the oxide layer. W again shows a
linear, directional upward growth from the interface dispersed throughout the oxide layer. Cr
appears in clusters spread relatively evenly throughout the oxide layer. Nb and Ta do not appear
heavily throughout the oxide layer, however, Ta remains in the substrate just below the interface.
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Figure 9: Interface of the substrate-oxide layer of the sample oxidized at
8000C for 24 hours showing severe cracking and porosity at the
interface.

Figure 10: Interface of the substrate-oxide layer of the sample oxidized at
8000C for 24 hours with corresponding EDS color mapping.
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Figure 11 indicates the thicknesses of the oxide layer at its respective temperature. The
thickness of the 7000C sample ranges from 391.2 μm to 461.1 μm and is found to be a little less
than those measured of the alloy CrMoNbTaV, which ranged from 530 μm to 1132 μm, though
these measurements were taken at temperatures in the range of 900 oC to 1100oC for 25 hours [54].
The thickness of the oxide layer at 8000C is much larger than the 7000C sample, more than
doubling in thickness. The thickness of the oxide layer, is relatively even, which was measured
ranging from 1.313 mm to 1.379 mm.

Figure 11: Interface of the substrate-oxide layer indicating the thickness of the sample
oxidized at (a) 7000C and (b) 8000C.
4.1.2.2 Surface Analysis
Additional surface analysis of the oxide layers was performed to examine the morphology
and chemical composition of oxide scales grown at 700 oC and 800oC after 48 hours to compare
with the cross-section analysis. At both temperatures, the oxides show a similar physical
morphology, however, the oxide layer is denser, containing less porous space, in the 800 oC sample.
Figure 12 shows the top surface of the 7000C sample oxidized for 48 hours. Evidently, a
very porous oxide, spread throughout the surface can be seen. There are two prominent oxides
present, one of a Cr-rich oxide with Ta and Nb present with small amounts of W and V. The Cr-
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rich oxide has a granular structure. Extending out of the Cr oxides are W-oxide whiskers, which
appear to be fine in nature. The W-oxide whiskers are believed to be the other main oxide present,
which grow outwards and appear as the lighter structures in the image. This is the most prominent
oxide present on the top surface of the oxide layer.

Figure 102: Surface of the oxide layer at 700oC after 48h in the BSE mode. The two main
oxides are visible, the granular Cr oxide containing Ta and Nb with low
amounts of V and W present. A whisker-like W oxide growing outwards from
the Cr oxide.
The 800oC sample oxidized for 48 hours can be seen in Figure 13. The structure is similar
to the 700oC sample; however, the W oxides are more prevalent and have become more defined.
The difference in the oxide structure at the surface can be seen in Figure 14. The most prominent
oxides present are once again a Cr-oxide and a W-oxide. The W-oxide has grown longer and
thicker than what was seen in the previous sample. This is indicative that the oxides grow with an
increase in temperature. The granular Cr-oxide is once again present but has become more defined
and rounded and has a higher Cr content than at 700oC. Both images utilized EDS to confirm the
chemical compositions of the oxides.
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Figure 13: Surface of the oxide layer of the 800oC after 48h sample in the BSE mode. The
granules of the Cr oxide have become more defined and contain a higher content
than that seen at 700oC. The W oxide has become thicker and is more
prominent.

Figure 14: Surface of the oxide layer at a) 7000C for 48h and b) 8000C for 48h. The
difference in morphology is visible.
4.1.2.3 Oxide Growth-High Temperature XRD
In-situ high temperature XRD was performed on an unoxidized sample with 100 0C
increments up to 8000C to understand the oxide growth with increasing temperature. Figure 15
shows the XRD data stacked vertically in terms of varying temperature. At 100 0C, there are little
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to no indications of oxide growth. The peaks indicate that the structure remains from the asreceived state. There are no significant changes in peaks until 700 0C, where it is visible that the
structure begins to change. The main peaks identified are of metal compounds, except for Cr,
which did not appear as a peak for any compounds. This continues as the temperature increases up
till 5000C. There are small peaks of different V-oxides, indicating that V is the first element to
oxidize. The peaks of V-oxides change from V7O3 and V14O6 to VO2 at 6000C, indicating that more
oxygen is introduced into the system at higher temperatures. There is no indication of any proven
type of protective oxides previously identified, including CrTaO4 and Cr2O3 [40]. At 7000C peaks
of NbO2 and WO3 appear, for which they are then identified again at 800 0C. Nb2O5 peaks also
appear at this temperature, though this was not found in the cross section of the sample. None of
the identified oxides suggested by the experimental data is protective, indicating that oxygen can
diffuse into the material faster and explains the denser oxide layer at higher temperatures.
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Figure 115: In-situ XRD of the CrNbTaVW
HEA.

4.1.2.4 Further Discussion

The SEM and EDS analysis performed in conjunction with the in-situ analysis provided
further insight into how this material oxidizes, and the oxide layer forms. The XRD results showed
up V oxide peaks forming at lower temperatures; however, this did not appear in the cross-sectional
or oxide surface layers. This may potentially be due to the low melting point of some V oxides
that create porous structures. Because the sample was only held at temperature for 20 minutes
during the in-situ XRD, this most likely did not allow enough time for the oxide to melt and
allowed for the detection of the V oxides, but when held for longer periods, the oxide was able to
melt and was only detected near the interface, leaving large pores throughout the structure.
Tungsten appeared throughout the oxide layer and at the surface at both 700 0C and 8000C, which
explains the detection of WO3. This is believed to be the elongated, whisker-like oxide found at
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the surface and vertically throughout the cross-sectional layer. It is possible that if the samples
could oxidize at these temperatures for longer times, the individual oxides may form solid solutions
or mixed spinels. Additional XRD measurements must be carried out on the oxides scales to
confirm this. These results may shed some light on the effectiveness of the use of refractory metals
in the HEA composition for surface and interface oxidation of the alloy. Although the oxidation
rates of pure refractory metals, W, Ta, and Nb, are higher at elevated temperatures than those
employed in this work, the observed trends, and differences at 700-800 0C in these HEAs can be
still accountable to their respective oxide formation. Undoubtedly, as evident in SEM and EDS
analyses, all the metals in the HEA oxidize and form their respective solid oxides. However, the
outward growth of W-oxide, which also is the most prominent oxide present on the top surface of
the oxide layer as indicated by the SEM and EDS analyses, may be due to the higher oxidation
rate of W compared to Nb and Ta.
4.2 CrMoNbTaW Alloy
4.2.1 As-Received Characterization of the CrMoNbTaW HEA
4.2.1.1 SEM/EDS Analysis
Figure 16 presents the microstructure of the alloy in the as-fabricated condition after
vacuum arc melting. The surface is very porous in nature. The EDS analysis confirms the overall
composition to be equiatomic of the five constituent elements in the alloy. Unlike many HEAs
studied in the literature, this CrMoNbTaW alloy exhibits a multiphase microstructure consisting
of three phases. The phases identified here were done by contrast and compositional differences.
A large, white phase is identified as a W-rich (43.0 at.%) phase containing slightly depleted
amounts of Cr, Nb, and Ta of similar concentrations (14.8-16.4 at.%). Mo is also present in this
W-rich phase, however at slightly lower amounts, just above 10 at.%. This phase is highlighted in
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the figure. The second phase identified is a Mo-rich (30.2 at.%) containing amounts of Cr, Nb, and
Ta in equiatomic amounts (20.2 at.%). This phase is a dark, nearly black area. As a counterpart to
the W-rich phase, this phase is W-depleted in comparison to the other constituents, containing only
9.2 at.%. These two counterpart phases are sensible, as the Mo-W phase diagram is isomorphous,
so it is reasonable that an area of enriched W would be Mo-depleted and vice versa when the area
is Mo-enriched. The third phase is the gray regions surrounding the two previously mentioned
phases. This is a matrix that is nearly equiatomic to the five constituent elements and marked as
point 3 on the figure. These three phases are highlighted by the color mapping.

Figure 126: Microstructure of the as-received CrMoNbTaW fabricated by vacuum arc melting.

At increased magnification, grain boundaries can be seen on the sample surface. This is
shown in Figure 17. The grain boundaries appear to extend out of pores on the surface. According
to the color mapping, the voids and grain boundaries do not appear to contain Mo, Nb, or W. There
appear to be two types of void areas, one containing Cr and one containing Ta, highlighted by the
color mapping. The grain boundaries appear to be precipitated areas of Cr. The presence of such
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grain boundaries was confirmed using optical microscopy which is the corresponding image on
the right.

Figure 137: Microstructure of the as-received CrMoNbTaW alloy showing grain
boundaries with Cr precipitation.

4.2.1.2 Microhardness
The microhardness was measured in 10 randomly selected locations on the polished
surface. Because the difference between the W-rich and Mo-rich phase were not visible through
an optical lens, the measured locations were chosen in areas free of voids or precipitated grain
boundaries. The tabulated results are presented in Table 6. The average value is H v = 787 ± 83.6.
This is higher than the reported quaternary alloy, MoNbTaW alloy obtaining an average H v = 454.3
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and a quinary MoNbTaVW alloy which obtained an average Hv = 535.3 [23]. Another alloy of
similar composition, though, obtained higher values than the one presented here. A CrMoNbTaV
alloy obtained an average Hv = 950 in interdendritic regions and Hv = 896 in dendritic regions [54].
The interdendritic regions was noted as having a higher Cr content than the dendritic regions, citing
the increase in hardness. The presence of Cr in the present alloy as compared to the two alloys
presented in [23] is believed to have contributed to the increased hardness, as Cr appeared to
increase hardness. On the contrary, the addition of V increased the hardness in [23], so it is
reasonable to believe that the presence of V in [54] rather than Mo in this study is understandable
for the inferior hardness values obtained in the presently studied alloy.
Table 6: Microhardness values of the as-received CrMoNbTaW alloy of the polished sample.

4.2.2 Annealed Characterization
The alloy was annealed at 600, 700, 800, and 9000C for 6 hours to assess the thermal
stability of the alloys and identify if any phase changes occurred. Figure 18 presents the
microstructures of the samples at their respective annealing temperature. The microstructures of
the four annealed samples remain consistent with the identified multiphase microstructure in the
as-received condition. There do not appear to be any significant phase changes or coarsening or
refinement in the structure as the temperature changes. Figure 19 presents the EDS analysis for
each of the annealed samples. The color maps of each of the respective annealing times also
highlight the previously identified phases. Overall, the map sum spectrums of each of the EDS
analyses show a near equiatomic composition.
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Figure 148: Microstructures of the samples at their respective annealing temperatures
after 6 hours.
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Figure 19: EDS color mapping of the four annealed samples at each respective temperature after 6
hours. The corresponding map sum spectrum providing the overall composition is provided
in atomic percentage.
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The microhardness of each annealed sample was measured in five randomly selected areas
on the polished surface. Like the way the as-received sample was measured, the reading was taken
in matrix areas. The results are presented in Table 7. The microhardness of the annealed samples
is all higher than the as received sample, but does not show a clear trend. The standard deviation
is highest in the sampled annealed at 6000C and decreases as the annealing temperature decreases.
Table 7: Microhardness results of the annealed samples at their respective temperatures
after 6 hours.

4.2.3 Oxidation of a CrMoNbTaW HEA
Samples were continuously exposed to lab air at various temperatures for 12 and 24 hours
respectively. Figure 20 illustrates the mass change per unit surface area of the samples. The curves
shown are at 12 and 24 hours at temperatures of 600, 800, 900, 1000, 1100, 1200, 1300, and
14000C. At both 12 and 24 hours, the curves indicate a parabolic mass gain until 1100 0C. At
12000C, both at 12 and 24 hours, the mass change begins to decrease. At 1300 and 1400 0C, the
alloys show a mass loss. A curve fit is included for the 12-hour oxidation curve, as there indicated
a slight increase from 1200 to 13000C, however, because the difference is minimal, the variation
is expected to be negligible.
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Figure 20: Oxidation curves of the mass change per surface area after 12 and 24 hours of
oxidation in air versus time.
4.2.3.1 12 Hour Oxidation
The initial characterization and identification of the oxide scale after 12 hours of oxidation
in the air are presented. SEM and EDS analysis are used to identify the morphology and
composition of oxides present on the surface of the scale.
Figure 21 shows the progression of the oxide surface scale with increasing temperature.
The oxide surface scale at 6000C begins as a very rough surface texture with no definite
morphology. There are a few pores present on the surface, but generally, show the beginning stages
of oxide growth. The sample oxidized at 800 and 9000C shows a similar rough surface but has
more cracking along the surface and shows more oxide growth. At 1000 0C, the oxide scale looks
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as if it has grown outward more with rounded leaf-like shapes. The texture is still rough, like at
600 and 8000C. At 11000C is when the oxide surface scale morphology begins to change, as there
are small areas with some elongated areas of growth initiating. There is still cracking throughout
the oxide scale but is not as rough as the texture was at lower temperatures. The oxide scale at
12000C changes further, as the scale has a very granular texture and becomes more uniform. There
is still significant cracking visible throughout the surface. At 1300 0C, the surface of the oxide scale
becomes more defined and there are now two definite morphologies of oxides: one of an elongated,
rod-like structure, and one of a smaller, rounded, granular shape. The sample oxidized at 1400 0C
shows a coarsened, rod-like structure with a darkened, black structure dispersed on the oxides.

Figure 21: Surface oxide morphologies of the scale at each respective temperature after
12 hours of oxidation in air.
Figure 22 displays the color map of the oxide scale for the 600 0C. The oxide scale is very
uniform and does not indicate any segregation of any of the elements or concentrated areas. The
map sum of the EDS spectrum identifies a nearly equiatomic amount of elements relative to one
another. As the temperature is increased to 11000C, Figure 23 shows where the morphology begins
to change and that there is a clear indication that not only has the morphology changed, but the
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chemical composition of the oxides present has changed as well. There are two distinct areas, one
of a Cr-rich oxide and one depleted of Cr, a uniform mixture of Mo, Nb, Ta, and W. The Cr-rich
area has a chemical composition very close to CrTaO4, while the mixture has a composition of
close to NbTaO6 with trace amounts of Mo and W. The other interesting characteristic at this
temperature is that the Mo content present at the surface has significantly dropped, to only 0.6 at.
%. At 14000C, well-defined oxides are now visible and evident as shown in Figure 24. There are
three types of oxides present, one that is Cr-rich with a composition of CrTaO 5. This is the focus
of the image presented, as it is a rounded, granular structure. It is surrounded by a thick, elongated
structure that is Nb-rich with a composition of NbTaO6. Dispersed within the two oxides is a dark,
globular oxide consisting of Ta and W containing an approximate composition of TaO 7 with trace
amounts of W. Mo is no longer present at the surface.

Figure 152: EDS color maps of the oxide scale after 12 hours of oxidation in air at 6000C.
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CrTaO4

NbTaO6

Figure 23: EDS color maps of the oxide scale after 12 hours of oxidation in air at 1100 0C.

CrTaO5
TaO7
NbTaO6

Figure 24: EDS color maps of the oxide scale after 12 hours of oxidation in air at 1400 0C.
The XRD analysis was completed on samples after they were oxidized and cooled to room
temperature. Figure 25 presents the XRD data of the samples at their oxidized temperature. At
6000C, the sample still retains some BCC peaks, similar to those identified in the as-received
condition. There are also some peaks indicating a Ta2WO8 structure and CrTaO4 or CrNbO4
structure. At 8000C the peaks related to the BCC structure are no longer visible, indicating the
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surface has oxidized. The oxides seen are like those at 600 0C. As the temperature increases, the
peaks become stronger.

Figure 25: XRD of the oxidized samples after 12 hours of oxidation in air.
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4.2.3.2 24 Hour Oxidation
Characterization and identification of the oxide scale after 24 hours of oxidation in the air
are presented. SEM and EDS analysis are used to identify the morphology and composition of
oxides present on the surface of the scale.
Figure 26 presents the surface of the oxide scales according to their respective oxidation
temperature. The surface is showing a similar progression as during the 12-hour oxidation. At 600,
800, and 9000C, the oxide surface is very rough and shows cracking throughout. At 1000 0C the
scale has grown outwards and become more rounded and has porous areas visible. The morphology
changes significantly at 11000C, shown in Figure 27 where there are two distinct morphologies,
one that is a rectangular, elongated structure and one that is smaller and appears as a clumped,
granular structure. According to EDS spot analysis, there the granular, Cr-rich areas correspond
closely to CrTaO4 following their atomic ratios, while the elongated structure has a composition
of NbTaO6. These areas are noted on the figure. These structures remain similar up until 1400 0C,
where the oxide, like at during 12 hours of oxidation, shows elongated rod-like oxides dispersed
with dark, globular oxides as seen in Figure 28. This oxide appears to be Nb-enriched. Dispersed
on top of the Nb-oxide are dark, globular oxides that are Ta and W enriched. The Nb-enriched
oxide shows an atomic ratio relating to NbTaO6 which contain trace amounts of W, while the dark
globular areas have a composition of TaO5, showing less oxygen presence than the same oxide
seen after 12 hours of oxidation. There are little amounts of Cr present that appear distributed
throughout the oxide layer.
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Figure 26: Surface oxide morphologies of the scale at each respective temperature after
24 hours of oxidation in air.

Figure 27: EDS color maps of the oxide scale after 24 hours of oxidation in air at 1100 0C
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Figure 28: EDS color maps of the oxide scale after 24 hours of oxidation in air at 14000C

The XRD analysis run on the samples after they were oxidized and cooled to room
temperature after 24 hours of oxidation is similar to those of 12-hour oxidation. Figure 29 presents
the XRD data of the samples at their oxidized temperature. The 600 0C sample still retains some
BCC peaks, like those identified in the as-received condition. There are also some peaks indicating
a Ta2WO8 structure and CrTaO4 or CrNbO4 structure, along with peaks of a Cr-Nb nature. At
8000C the peaks related to the BCC structure are no longer visible. The oxides seen are like those
at 6000C with the addition of peaks related to complex Nb-W oxides. As the temperature increases,
the peaks become stronger and follow a structure of CrTaO4 or CrNbO4 and complex Nb-W oxides.
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Figure 29: XRD of the oxidized samples after 24 hours of oxidation in air.

4.3 Discussion of Alloys
Both a CrNbTaVW and CrMoNbTaW refractory high entropy alloy were evaluated for
their potential in high temperature environments. The CrNbTaVW alloy had previously been
deemed to have adequate oxidation resistance up to 8000C [55]. In this work, the oxidation of the
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CrMoNbTaW alloy was evaluated in a similar way, however the oxidation resistance was
considered adequate up to 10000C after both 12 and 24 hours of oxidation. The surface oxides of
both alloys were investigated and compared. Table 8 outlines the different oxides identified. The
CrNbTaVW alloy exhibited two different oxides present at the surface up to 800 0C, while the
CrMoNbTaW alloy exhibited a uniform oxide scale with no clear structure. This shows that
oxidation occurs more rapidly in the CrNbTaVW alloy, as oxidation does not appear to dominate
the surface until 11000C. Though they both do show some adequate oxidation resistance, neither
alloys obtain the oxidation resistance of comparable commercial alloys, such as Inconel 718. For
example, at 9000C after 24 hours of oxidation in air, Inconel 718 exhibits approximately 0.48-0.68
mg/cm2 of mass gain [90], while the CrMoNbTaW alloy exhibited approximately 29 mg/cm 2. This
indicates that while these alloys have potential in high temperature environments, they do not yet
show exceptional oxidation resistance, which is crucial in high temperature environments.
Table 8: Comparison of surface oxides in both alloys.
CrNbTaVW

CrMoNbTaW
600-10000C (12, 24 hours)


Uniform oxide scale, no significant
segregation of elements

700-8000C (24 hours)





Decreasing Mo content as temperature
increases

Granular, Cr-rich oxide

1100-13000C (12, 24 hours)

Elongated, rod-like W-rich



oxide (NbTaW2O12)




Little V seen at the surface



Granular CrTaO4
Elongated NbTaO6

Trace amounts of W in both oxides


No Mo content

14000C (12, 24 hours)
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Globular CrTaO5 (only after 12 hours)




Elongated rods of NbTaO6

Dark, globular oxides of TaO7 dispersed on
rods containing trace amounts of W
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Chapter Five: Atomistic Simulations Results and Discussion
5.1 Introduction
High entropy alloys have shown great promise in many research aspects and stimulated
interest in further examination, however, difficulty processing and fabricating these alloys can be
time consuming and expensive. Because of this, research efforts have been limited. On the other
hand, as an easier, more efficient way of studying multiple chemical compositions, atomistic
calculations can provide theoretical insight into various alloy compositions and help predict
material behavior, including plastic deformation characteristics. The plastic deformation behavior
of a series of multi-principal element alloys (4-component alloys) and high entropy alloys (5 and
6-component alloys) are examined. Four multi-principal element alloys (MPEAs) were evaluated:
CrMoNbTa, CrNbTaW, MoNbTaV, and MoNbTaW. The goal is to understand what plastic
deformation mechanisms may contribute to promising mechanical properties and evaluate what
different chemical compositions have the potential to obtain the best strengths. Molecular statics
(MS) simulations were performed on the four MPEA compositions to obtain the generalized
stacking fault energy (GSFE) curves, and the local slip resistances (LSR) in both edge and screw
dislocations on three different planes: {110}, {112}, and {123}. For comparison, the same
calculations of the individual six pure metals were also evaluated, as well as the A-atom potentialbased metals. As a further investigation, molecular dynamics (MD) simulations were conducted
to understand the strength of a series of CrMoxNbTaVW1-x high entropy alloy families. Long
dislocations lines (30 nm) were used of edge dislocations in the {110} and {112} plane and screw
dislocations in the {112} plane. Both a defect-free and defect-containing (void) simulation cell
were assessed to evaluate the strengthening effect of obstacles for a dislocation. The focus is placed
on two main critical stresses: one that is required for the dislocation to glide in a void-free lattice
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and one that is required for the dislocation to bypass a void. These critical stresses are known as
the critical resolved shear stress. For reference, the individual pure metals were also evaluated.
PART A: MOLECULAR STATICS
5.2 Molecular Statics Simulation Details
Large-scale atomic/molecular massively parallel simulator (LAMMPS) is used for MS
work. The embedded-atom method (EAM) is used to describe the interatomic interactions of the
four MPEAs evaluated. The six elemental potentials used are Cr [91], Mo [92], Nb [93], Ta [92],
V [95], W [92]. The formulations of [95] and [96] are used as the basis of the cross interactions
between the elements. This type of interatomic potential is termed the “alloy potential”. Of the
four MPEA potentials, the MoNbTaW potential has been used in the literature [97]. For
comparison, the A-atom potential will also be used, which provides a mean-field representation of
the MPEA by approximating the interactions among different elements as a weighted average [98].
The lattice parameter, a0, and the elastic constants C11, C12, and C44 were calculated to
assess the accuracy of the potentials used. A special quasi-random structure (SQS) [99] was built
via ATAT [100] for each MPEA. Simple single crystalline structures were built for the pure metals
and MPEAs with the A-atom potential. Following [101], a0 was calculated via the relaxation
method. Elastic constants were obtained via the stress-strain method. The values were validated
by DFT calculations.
GSFE curves and LSR values in the four MPEAs were calculated. The SQS was not used
for these calculations; instead, a single crystal containing the same type of atoms was built for each
MPEA which was based on the corresponding lattice parameter of each MPEA. To create the cell,
one quarter of all atoms were randomly replaced with another type of atom, then another third of
the remaining atoms are replaced with another type of atom, and then half of the remaining atoms
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are replaced with another type of atom. The final simulation cell consisted of four types of atoms
of equal amounts. 20 different atomic structures were built using 20 different sets of random
number seeds. In the same MPEA, the simulation cells for GSFE curves and LR are built
separately.
Relaxed GSFE curves along the <111> direction on {110}, {112}, and {123} were
calculated. Along each curve, 41 GSFE values were calculated. 20 different curves were obtained
for each plane type in each MPEA. The unstable stacking fault energy (USFE), γ usf, and the ideal
shear strength, Τis, [102] were calculated from the GSFE curves. Further details of the simulation
cell and calculation method can be found in [101]. The input files used for all GSFE calculations
of

the

four

MPEAs

can

be

found

in

the

GitHub

repository:

https://github.com/shuozhixu/FLAM2020-GSFE, GSFE curves of the six pure metals were
provided for reference using the elemental potentials and four MPEA A-atom potentials were
calculated.
All LSR calculations for edge and screw dislocations on the {110}, {112}, and {123}
planes were performed at 0K. A single edge or screw dislocation was inserted into a random atomic
structure by applying the corresponding elastic displacement fields to all atoms. A shear strain was
then incrementally increased (10-6 per step for screw and 10-5 per step for edge) and applied until
the dislocation moved at least one nm. 20 different LSR values were obtained for each MPEA of
each dislocation and plane type. The mean, standard deviation, and coefficient of variation (COV)
were then determined. Further details on the simulation cell and calculation methods can be found
in [103]. The input files used for all LSR calculations of the four MPEAs can be found in the
GitHub repository: https://github.com/shuozhixu/FLAM2020-LSR. The critical stresses required
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for dislocation motion in pure metals in these cases are the “Peierls stresses”. The input files for
these can be found in the GitHub repository: https://github.com/shuozhixu/FLAM2020-PS.
5.3 Molecular Statics Results
5.3.1 Lattice Parameters and Elastic Constants
The lattice parameters, a0, elastic constants, C11, C12, and C44, and the Zener ratios of pure
metals can be found in Table 9. The same calculations for the four MPEAs can be found in Table
10, along with the results based on A-atom potentials and simple rule of mixtures. The calculations
presented are in good agreement with prior calculations according to [101]. In the MoNbTaV and
MoNbTaW MPEAs, the calculated lattice parameters are consistent with the available
experimental values of the alloys provided in the literature. Values calculated using the A-atom
potentials and simple rule of mixtures are also consistent with the alloy potential, prior density
functional theory (DFT) calculations, and experimental values (those available). In the CrNbTaW
and CrMoNbTa compositions, the A-atom potential-based elastic constant calculations are lower
than those calculated using the alloy potential. In the MoNbTaV and MoNbTaW compositions,
the elastic constants using the A-atom potentials are similar.
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Table 9: Lattice parameter and elastic constants for pure metals. Both MS and experimental
values are provided.
Method
a0 (in Å) C11 (GPa) C12 (GPa) C44 (GPa)
Ac
MS [100]
2.881
398.03
93.45
103.56
0.68
Cr
Exp [103]
2.885
348
67
100
0.71
MS [102]
3.135
458.76
167.84
114.32
0.79
Mo
Exp [103]
3.147
465
163
109
0.72
MS [102]
3.3
263.56
125.28
35.03
0.51
Nb
Exp [103]
3.301
245
132
28.4
0.5
MS [100]
3.303
262.59
157.74
82.33
1.57
Ta
Exp [103]
3.303
264
158
82.6
1.56
MS [100]
3.026
263.93
120.19
38.37
0.53
V
Exp [103]
3.024
230
120
43.1
0.78
MS [100]
3.165
522.54
204.22
160.76
1.01
W
Exp [103]
3.165
523
203
160
1

The Zener ratio, Ac, is applied as a measure of the cubic elastic anisotropy. A value of unity
represents ideal anisotropy. Three of the four MPEAs are nearly isotropic (AcMoNbTaW = 1.03,
AcMoNbTaV = 1.11, AcCrNbTaW = 0.96), while one is elastically anisotropic (AcCrMoNbTa = 0.72)
according to the alloy potentials. Results following the simple rule of mixtures provide similar
results to MS results but are slightly elevated in the MoNbTaW and MoNbTaV compositions. The
DFT calculations predict lower values of Ac, which consider all four compositions to be
anisotropic.

Table 10: Lattice parameter and elastic constants of MPEAs calculated through MS and DFT and
experimental values when available. Spin-polarization is not considered in any DFT
calculations. Subscripts A and V denote results from A-atom potentials and simple
rule of mixtures, respectively.
Method
a0 (in Å) C11 (GPa)
C12 (GPa)
C44 (GPa)
Ac
CrMoNbTa
MS [100]
3.171
320.33
144.34
68.68
0.78
MSA [100]
3.175
262.11
111.36
54.28
0.72
65

MSV [100]
DFT [100]
CrNbTaW
MS [100]
MSA [100]
MSV [100]
DFT [100]
MoNbTaV
MS [100]
MSA [100]
MSV [100]
DFT
Exp [104]
MoNbTaW
MS [100]
MSA [100]
MSV [100]
MSSNAP [105]
DFT [105
Exp [23]

3.16
3.179
3.179
3.188
3.16
3.189
3.206
3.204
3.19
3.211
3.208
3.221
3.221
3.23
3.244
3.242
3.2134

330.50
333.89
333.18
277.43
345.00
332.1
263.72
263.32
301.00
282.56
351.55
351.91
374.25
399
377
-

130.00
145.19
161.81
127.31
140.00
161.93
144.15
144.69
143.25
153.47
172.27
174.13
164.00
166
160
-

80.00
58.69
82.03
64.21
92.75
60.2
66.43
68.91
65.78
33.07
92.18
95.79
95.00
80
69
-

0.80
0.62
0.96
0.86
0.90
0.71
1.11
1.16
0.83
0.51
1.03
1.08
0.90
0.69
0.64
-

5.3.2 Generalized Stacking Fault Energy
Figure 30 presents the GSFE curves on all three slip planes in the four MPEAs. The
calculations span a displacement over one periodicity distance along the z<111> direction. The
distance is also the Burgers vector magnitude of a full dislocation, b. GSFE curves based on both
the alloy and A-atom potentials are shown.
The GSFE curves all reach a single peak value within the periodic length, b. The peak value
is termed the USFE, γusf. There are no local minimum or metastable states. This is a particular
characteristic exhibited by BCC metals [103, 107, 108].
The GSFE curves based on alloy potentials exhibit a slight deviation from the curves of Aatom potentials. This indicates an MPE effect that is the variation caused by the mixture of
elements. As a result, even on the {110} plane whose GSFE curves are symmetric for pure metals,
the USFE does not occur at a half lattice shift (b/2) in most the MPEAs. This suggests that a single
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GSFE calculation at b/2 may not provide an accurate USFE and is related to the variation in the
local atomic arrangement in which the MPEA is sampled. This variation suggests anisotropy in
resistance to dislocation glide [103].
Figure 31 presents the summarized results of the mean USFE values. The CrNbTaW
MPEA obtains the highest average USFE value, with the highest on the {112} plane. The MPEAs
follow the order

γusfMoNbTaV < γusfMoNbTaW < γusfCrMoNbTa < γusfCrNbTaW

which holds on all three planes. For reference, the USFE values for pure metals can be
found in Table 11. The USFE values of the pure metals on the three slip planes follow the order

γusfV < γusfNb < γusfTa < γusfCr < γusfMo < γusfW

The highest value of the pure metals, γusfW, is approximately 300 mJ/m2 higher than γusfMo
on the three slip planes considered. As a result, the presence of W in CrNbTaW as opposed to Mo
in CrMoNbTa can potentially explain the former’s higher γusf. The same explanation can be applied
to the difference in the MoNbTaW and MoNbTaV MPEAs and that between CrMoNbTa and
MoNbTaV. Because γusfV is the lowest calculated value among the pure metals, it is expected to
contribute to a lower overall value in the MPEAs. Of the three planes studied for all pure metals
and the four MPEAs, the {112} plane consistently attained the highest USFE value. When taken
together, the highest USFE value was obtained by the CrNbTaW MPEA on the {112} plane.
However, the COV is also the highest on the {112} plane. This large variation may be caused by
changes in local chemical composition. Depending on the random atomic arrangement which was
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surveyed, peak values may have occurred at larger ranges of values, which can cause a large COV.
The variation may also related to the size of sampled area. The smallest cross-sectional area used
was in the {112} plane, approximately 12 Å2, while the {123} plane had the largest cross-sectional
area, approximately 58 Å2. The increase in cross-sectional area leads to a lower COV, hence the
lowest COV value in the {123} plane. The influence and size of the chemical environment has
been proven to effect the variation in calculations [84].
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Figure 30: GSFE curves of four MPEAs on a) {110}, b) {112}, and c) {123} planes
based on MS simulations using the alloy and A-atom potentials (subscript
“A”).
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Table 11: USFE values (in mJ/m2) of pure metals from both MS and DFT calculations. For Cr,
DFT results without spin-polarization are presented here.
Method
{110}
{112}
{123}
MS
1096
1265
1243
Cr
DFT [106]
1565
1608
1628
MS [102]
1458
1689
1658
Mo
DFT [106]
1443
1465
1481
MS [102]
605
697
685
Nb
DFT [106]
677
769
767
MS [107]
751
868
852
Ta
DFT [106]
724
838
832
MS
581
669
657
V
DFT [106]
701
816
792
MS [107]
1740
2011
1976
W
DFT [106]
1773
1846
1854

Figure 31: Average USFE values of MPEAs in the three planes and the COV.
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It can be expected that the combination of Mo and W would yield a composition with the
highest γusf value; however, this is not the case. As shown in Figure 31, the simple rule of mixtures
estimation for γusf MoNbTaW on the {110} plane is 1139 mJ/m2, while the estimation of γusf for
CrMoNbTa and γusf for CrNbTaW are 978 and 1048 mJ/m2, respectively. However, based on alloy
potentials, the mean γusf for CrMoNbTa and that for CrNbTaW on the {110} plane is respectively
76 and 166 mJ/m2 higher than the mean γusf for MoNbTaW on the same plane. These indicate that
γusf cannot solely be considered based on constituent elements and their proportions. An estimation
of γusf using simple rule of mixtures may not be accurate. Results based on the A-atom potentials
are also included in Figure 30. They are in good agreement with those using alloy potentials. This
indicates that calculations using A-atom potentials may provide more accurate estimates of γusf
than the simple rule of mixtures.
The variation among curves of the same MPEA and plane type is due to the dispersion of
the mean values. A different crystallographic plane from a random atomic arrangement in a 3D
solid solution is evaluated for each GSFE curve. The change in atomic arrangement causes the
variation in local maxima values. The Cr-containing compositions not only have higher overall
USFE values, but also obtain higher standard deviations and COV. The COV is calculated from
the 20 values of each MPEA and is presented in Figure 31. A higher COV gives rise to the MPEA
effect as a variation among the curves. This may be due to the presence of Cr that causes increased
lattice distortion, which was considered when calculating the relaxed GSFE curves.
The ideal shear strength (Τis) is calculated from the gradient of the GSFE curve as the
maximum of these values. Figure 31 shows only the mean values of Τ is. For reference, the Τis
values calculated through MS and DFT are presented in Table 12. Similar to the USFE, the
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CrNbTaW MPEA achieves the highest Τis value on all three planes, with the highest of the values
on the {112} plane. The order also follows the same as seen in the USFE,
Τis MoNbTaV < Τis MoNbTaW < Τis CrMoNbTa < Τis CrNbTaW
A large standard deviation is associated with higher Τ is values. The COV is given in the
corresponding table in Figure 32. A large variation is once again related to a difference in local
chemical composition and atomic arrangement along the different crystallographic planes that may
be sampled. For comparison, the values of A-atom potential and estimation using the simple rule
of mixtures are included. Like the USFE, results based on the A-atom potentials are close to those
based on the alloy potentials. This indicates that the former provides a relatively accurate
representation of Τis. However, unlike the A-atom potential, the data based on the simple rule of
mixtures largely overestimates Τis. The largest difference was seen in the {110} and {112} planes
in the three MPEAs containing Mo. This difference is most likely due to the high T is values
obtained in both planes for Mo, which inflate the average value calculation. This indicates that the
values for pure metals used to calculate Τis must be accurate or the simple rule of mixtures is not
a reliable model in this case. Note that the calculated Τis for those MPEAs that do not contain Mo
are also overestimated on the {110} and {112} planes, which further proves that a prediction using
the simple rule of mixtures is not always accurate.
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Figure 32: Average ideal shear strength (ISS) values of four MPEAs in three slip planes
and the COV for each composition

Table 12: Ideal shear strength values (in GPa) of the reference pure metals for both MS and DFT
calculations. For Cr, DFT results without spin-polarization are presented here.
Method
{110}
{112}
{123}
Cr
MS
13.3
15.3
15.1
DFT [106]
20.8
26.1
24.65
Mo
MS [102]
33.1
58.4
19.3
DFT [106]
17.7
21.7
20.4
Nb
MS [102]
14.1
24.5
8.1
DFT [106]
7.5
9.9
8.9
Ta
MS [107]
8.7
10.1
9.9
DFT [106]
7.8
11.4
10
V
MS
6.2
7.2
7.1
DFT [106]
8.3
10.8
9.7
W
MS [107]
15.6
18.4
18.1
DFT [106]
21
26.5
25
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5.3.3 Local Slip Resistance
5.3.3.1 Peierls Stresses in Pure Metals and A-atom Potential Based MPEAs
The Peierls stresses of both screw and edge dislocations for pure metals and MPEAs using
the A-atom potentials on three planes –– {110}, {112}, and {123} –– are presented in Table 13.
Values of the Peierls stress were all calculable for edge dislocations; however, many cases were
incalculable in screw dislocations. Incalculable Peierls stress or incalculable LSR here refers to
when the screw dislocation is unstable and cross slips, hence the critical stress for habit plane
cannot be calculated. Discussions for incalculable screw dislocation Peierls stresses have
previously been presented by [109]. Among the screw dislocations on the {110} plane, only the
Peierls stress in Cr was calculable. The Peierls stresses of screw dislocations in all pure metals
except Cr were calculable on the {112} plane. There were no calculable screw Peierls stress values
on the {123} plane for any pure metals. On all three planes, Cr has the highest Peierls stress among
the six pure metals considered. Estimations of LSR of the MPEAs following the simple rule of
mixtures based on the results of the pure metals can be found in Table 13. Calculations for the
MPEAs using the A-atom potentials are also included. For the A-atom potentials, none of the screw
dislocation Peierls stresses in the {110} and {123} planes were calculable, while all were
calculable in the {112} plane. All edge dislocations on all planes were once again calculable. The
calculated values on the {110} plane for the edge dislocations were all similar, ranging from 4.09
MPa for MoNbTaWA to 4.74 MPa for CrNbTaWA. However, this is not the case for either {112}
or {123} plane, on which the MoNbTaWA MPEA obtains the highest Peierls stress for edge
dislocations.
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Table 13: Peierls stresses and LSR values, in units of MPa, of (a) pure metals, (b) MPEAs based
on simple rule of mixtures estimation, (c) MPEAs based on A-atom potentials, and
(d) MPEAs based on alloy potentials.
Plane
Dislocati Cr
Mo [108]
Nb [108]
Ta
V
W
on
{110} Edge
102
50
6
13
9
55
Screw
3631 {112} Edge
900
533
118
276
119
411
Screw
2496
859
2137 817
3427
{123} Edge
245
160
12
30
10
86
Screw
(a) Peierls stresses of six pure metals
Plane
{110}

Dislocation CrMoNbTaV
CrNbTaWV
MoNbTaWV
MoNbTaVV
Edge
43
44
31
20
Screw
{112}
Edge
457
426
335
262
Screw
2230
1577
{123}
Edge
112
93
72
53
Screw
(b) Simple rule of mixtures estimation of the LSR in MPEAs using the reference pure metals
Peierls stress
Plane
{110}
{112}
{123}

Dislocation CrMoNbTaA
CrNbTaWA
MoNbTaWA
MoNbTaVA
Edge
4.45
4.74
4.09
4.18
Screw
Edge
41.9
5.65
84.15
9.005
Screw
795.9
810.3
1158.4
335.76
Edge
3.168
3.47
5.25
2.95
Screw
(c) Peierls stresses of four MPEAs using the A-atom potentials
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Plane

Disloc CrMoNbTa
CrNbTaW
MoNbTaW
MoNbTaV
ation
Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.
{110} Edge 2003 1046
2183 937
912
402
1011
465
Screw 2009 718
2619 405
1391 1274
202
{112} Edge 1916 710
2115 882
1566 468
1188
364
Screw 2405 620
2007 777
1421 553
1281
541
{123} Edge 2011 525
2079 764
912
409
676
335
Screw 2050 829
1822 856
1789 584
1130
269
(d) Mean LSR values of four MPEAs using the alloy potentials. Note, there is no standard
deviation for the MoNbTaW screw dislocation on the {110} plane as there was only
one calculable result.
5.3.3.2 LSR Values: Mean and Distribution
The mean and standard deviation of the 20 calculated LSR values for the four MPEAs are
presented in Table 13. Among them, CrNbTaW obtained the highest LSR value of 2619 MPa on
the {110} plane for the screw dislocation. This could not be compared to the Peierls stress of
CrNbTaWA or the simple rule of mixtures-based value, as both were incalculable. In all cases, the
mean LSR value was higher for the same MPEA than the corresponding Peierls stress using the
A-atom potential. In both edge and screw dislocations on all planes, the Cr-containing MPEAs had
higher mean LSR values than those without Cr. A higher mean LSR in the MPEAs containing Cr
can be attributed to two factors: (1) a higher lattice distortion and (2) Cr pure metal has the highest
Peierls stress. The effect of the lattice distortion will be discussed later.
Figure 33 shows the distribution of LSR values on all planes for both edge and screw
dislocations. On the {110} plane for edge dislocations, the Cr-containing MPEAs have a large
variation across the distribution. CrMoNbTa has a range of 3444 MPa and CrNbTaW has a range
of 3366 MPa, while those without Cr have much smaller ranges. MoNbTaW has a range of 1353
MPa and MoNbTaV has a 1651 MPa range. Unlike the edge dislocation calculations, many of the
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screw dislocation calculations were incalculable. CrNbTaW had the most calculable results among
the four MPEAs with 8 out of the possible 20 results. The MoNbTaW MPEA had the least number
of calculable results with only 1 out of the possible 20. Both CrMoNbTa and MoNbTaV had 3 out
of 20 calculable results.
Like the {110} plane for edge dislocations, the Cr-containing MPEAs have a larger
distribution for the edge dislocations, ranging from 398 to 3286 MPa for CrMoNbTa and 332 to
3302 MPa for CrNbTaW in the {112} plane. Despite a large variation, the mean LSR values of
the Cr-containing MPEAs are higher. CrMoNbTa has 10 out of the possible 20 results and
CrNbTaW has 11 out of the possible 20 results above 2000 MPa. MoNbTaW had only 5 out of the
possible 20 LSR values above 2000 MPa, while MoNbTaV had none. For the same MPEA, screw
dislocations in the {112} plane had a larger number of calculable LSR than those in the {110}
plane. Once again, the Cr-containing compositions have a larger standard deviation, but obtain
higher values of mean LSR compared to those without Cr.
On the {123} plane, the mean and distribution of LSR are similar to those in the {110} and
{112} planes. The CrMoNbTa and CrNbTaW compositions vary over large ranges but have more
counts above 2000 MPa. MoNbTaW has only one count above 2000 MPa, while MoNbTaV does
not have any. For the screw dislocations in the {123} plane, the results were calculable for
approximately half of the time among all MPEAs.
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(a)

{110} Edge

(b) {110} Screw

(c) {112} Edge

(d) {112} Screw
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(e) {123} Edge

(f) {123} Screw

Figure 33: Distribution of the LSR of the four MPEAs on the (a) {110} edge plane, (b)
{110} screw plane, (c) {112} edge plane, (d) {112} screw plane, (e) {123}
edge plane, and the (f) {123} screw plane.

5.3.3.3 Slip Plane Anisotropy
Understanding the plastic anisotropy in BCC metals has proven to be significant since
many of these mechanisms are not as well understood as in FCC metals . Xu et al., 2021 [109]
proposed two measures of slip resistance anisotropy in MoNbTi. Wang et al., 2021 [108] then
applied them to four BCC pure metals. One measure is based on the Peierls stress or LSR among
different slip planes. When considering the ranking of the Peierls stress in pure metals, all six
elements follow the order σp{110} < σp{123} < σp{112}. Dislocation glide is considered and
experimentally studied most frequently on the {110} plane and described as an elementary slip
plane [109, 110]. Findings in pure metals match previous studies that dislocation glide occurs the
easiest on the {110} plane. When considering the mean LSR values of edge dislocations of the
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MPEAs, this ranking no longer matches. The results indicate that glide occurs easiest on the {112}
plane and most difficult on the {123} plane in the CrMoNbTa MPEA. In contrast, glide is the
easiest on the {123} plane and most difficult on the {110} plane in the CrNbTaW MPEA. Such
findings differ from the pure metal behavior. Though rankings differ, the ranges of the mean values
among different planes are very small, 95 MPa and 104 MPa, respectively in the two alloys of the
edge dislocations. This suggests that slips may occur on any of the three planes and is dependent
on the local chemical environment. MoNbTaW matches the pure metal behavior in that the slip is
easiest on the {110} plane and most difficult on the {112} plane based on the mean LSR values.
Similarly, glide is the most difficult on the {112} plane in the MoNbTaV alloy, while easiest on
the {123} plane. In the MoNbTaW composition, the difference is near zero, as both the {110} and
{123} average 912 MPa; however, the difference in mean values between the {110} and {123}
planes of the MoNbTaV MPEA are much larger at 512 MPa. The small difference in mean on the
{110} and {123} planes suggests that it is possible for slip to occur on either of the two planes.
The difference between the mean LSR values for edge dislocations on either {110} or {123} and
those on the {112} plane is much larger. The range of mean values of the MoNbTaW and
MoNbTaV are 654 and 512 MPa respectively. This indicates that slip is significantly more difficult
on the {112} plane for the two compositions. To quantify the slip resistance anisotropy among
different slip planes, we calculated the COV in Peierls stresses and LSR among the three planes
for edge and screw dislocations, respectively. Results are summarized in Table 14. The COV is
the highest for edge dislocations in the MoNbTaW MPEA with a value of 0.346, and the COV in
MoNbTaV is similar at 0.279. The two Cr-containing MPEAs have much lower COV’s for edge
dislocations at 0.027 and 0.025 respectively. This behavior does not follow suit for the screw
dislocations, as the CrNbTaW COV is the highest with a value of 0.196 while the MoNbTaV
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possesses the lowest COV of screw dislocations at 0.069. Overall, in the MPEAs, the two Crcontaining compositions, which have a larger lattice distortion, have smaller COVs than the other
two MPEAs. The MPEAs’ COVs are much smaller than those in A-atom potential-based MPEAs
and pure metals, which are also presented in Table 14.
Table 14: COV across all planes for each dislocation.
CrMoNbTa
CrNbTaW
MoNbTaV
MoNbTaW
Edge
0.027
0.025
0.279
0.346
Screw
0.101
0.196
0.069
0.145
(a) COV of the four MPEAs based on alloy potentials across all three planes for each dislocation
type.
CrMoNbTaA CrNbTaWA MoNbTaVA MoNbTaWA
Edge
2.622
0.242
0.666
3.768
(b) COV of the four MPEAs based on A-atom potentials across all planes for the edge
dislocation.
Cr
Mo
Nb
Ta
V
W
Edge
1.507
1.561
3.088
3.094
2.868
1.580
(c) COV of the Peierls stresses of the individual metals across all planes for the edge dislocation.
Another measure of the slip resistance anisotropy is the screw-to-edge ratio on the same
slip plane. Table 15 reports these ratios in pure metals, A-atom potential-based MPEAs, and the
alloy potential-based MPEAs. Because some screw dislocation calculations were incalculable due
to instability, not all ratios could be determined. The calculations indicate a significantly decreased
ratio in the MPEAs as compared to pure metals. On the {110} plane, only Cr can be compared, as
the rest of the screw dislocations of the pure metals were unstable. The ratios of the MPEAs are
much lower at 1.003 and 1.200 respectively for CrMoNbTa and CrNbTaW, compared to the much
larger value of 35.6 for Cr. On the contrary, for the {112} plane, the ratio for every pure metal
except Cr could be determined. The ratios of the MPEAs range from 0.908 to 1.255 which is
approximately four to eight times less than the values for pure metals. Pure metals could be
compared on the {123} plane, as none of the screw dislocations were calculable. The A-atom
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potential-based ratios could only be determined on the {112} plane and, when compared to the
alloy potential-based MPEAs, they are much higher. CrMoNbTa has the lowest ratio on the {110}
plane, however all are relatively similar, with a range of only 0.252. CrNbTaW differs, in that the
{123} plane contains the lowest ratio, however the range is still small, only 0.324. Both MoNbTaV
and MoNbTaW have the lowest ratio on the {112} plane, being 0.908 and 1.079 respectively.
These are two of the lowest ratios determined of the MPEAs. While these have low values, they
do have a larger range on the three planes of 0.593 and 1.053 for the MoNbTaV and MoNbTaW
compositions. Low screw-to-edge ratios in LSR have previously been reported [109], but only in
one MPEA: MoNbTi. Here, the results show that the screw-to-edge ratios in LSR are lower in
MPEAs with higher lattice distortion. In MoNbTaW, which has a low lattice distortion, previous
atomstic simulations found that the edge-to-screw ratio in mobility on the {110} plane is as high
as 20 at 300 K [112] and the dislocation loop expansion left no debris behind, unlike other BCC
MPEAs with large lattice distortion [113].

Table 14: Screw-to-edge ratios in (a) pure metals, (b) MPEAs with A-atom potentials, and (c)
MPEAs with alloy potentials.
Plane
Cr
Mo
Nb
Ta
V
W
{110}
35.6
{112}
4.68
7.28
7.74
6.87
8.34
{123}
(a) Screw-to-edge ratio of the Peierls stresses in pure metals

82

Plane
{110}
{112}
{123}

CrMoNbTaA
CrNbTaWA
MoNbTaWA
MoNbTaVA
19.0
143.4
13.8
37.3
(b) Screw-to-edge ratio of the Peierls stresses in A-atom potential-based MPEAs

Plane
{110}
{112}
{123}

CrMoNbTa
CrNbTaW
MoNbTaW
MoNbTaV
1.003
1.200
1.526
1.260
1.255
0.949
0.908
1.078
1.019
0.876
1.961
1.671
(c) Screw-to-edge ratio of the LSR in alloy potential-based MPEAs

5.3.3.4 Correlation Between the Ideal Shear Strength and the Mean LSR
The motivation for calculating both the GSFE curves and the LSR values was to compare
the ideal shear strength, obtained from the GSFE curve, with the LSR. Figure 34 presents the ideal
shear strength on each plane against the mean LSR value for both edge and screw dislocations.
The correlation between the ideal shear strength and the LSR show a generally positive correlation.
The {112} plane obtains a higher LSR and corresponding ideal shear strength for its relative
MPEA for edge dislocations. The {110} and {123} planes obtained similar values. For screw
dislocations, the {110} plane had the highest values and a strong positive correlation. The {112}
and {123} planes show similar values; however, the positive correlation is the strongest on the
{112} plane.
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(b) Screw

(a) Edge

Figure 34: Mean local slip resistance (MPa) versus the ideal shear strength (GPa) for (a)
edge and (b) screw dislocations in the four MPEAs.

5.3.4 Lattice Distortion
The effect of local lattice distortion induced by atomic size mismatch is one of the four
core effects of MPEAs that contribute to the superior mechanical properties [19]. The energy
caused by the lattice distortion in combination with high configurational entropy of mixing may
significantly contribute to the thermodynamic stability of these alloys. In any alloy potential-based
MPEAs, lattice distortion was naturally introduced following energy minimization. To quantify
the lattice distortion, the atomic size mismatch is calculated by
𝛿 = 100 ∑

Where 𝑟 = ∑

𝑐 (1 − )

(1)

𝑐 𝑟 with ci and ri being the atomic percentage and atomic radius of

element i, respectively [113]. Here, the atomic percentage for each component is 25% and the
atomic radii can be derived from the lattice parameters of the six pure metals. Note that there is no
lattice distortion in any pure metals or in any A-atom potential-based MPEAs. Table 15 shows the
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lattice distortion in the four MPEAs calculated from Eq. 1. Of the six elements used, Cr has the
smallest atomic radius, and is considerably lower than those of Nb and Ta. Thus, Cr-containing
compositions had a higher mismatch estimation than those without Cr. The difference in atomic
radii that increases the lattice mismatch is believed to be a significant contribution to the strength
of the material [84, 115-120]. Lattice distortion has also shown to be influential on the dislocation
behavior in MPEAs [121]. It has been shown that the lattice distortion creates local stress fields
that cause a dislocation line to bend and enhance glide resistance.

δ

Table 15: Calculated lattice distortion δ values for the four MPEAs.
CrMoNbTa
CrNbTaW
MoNbTaV
MoNbTaW
0.0545
0.0543
0.0367
0.0237

When comparing two different MPEAs, there are usually two differences: chemical
compositions and lattice distortion. Both factors may contribute to the mechanical properties, such
as strength. To understand which of the factors may play a more significant role, the quotient of
the LSR by the simple rule of mixtures estimation was calculated. This is noted as the normalized
value with respect to the lattice distortion in Figure 35(a). Similar plots are presented for the
normalized USFE and normalized ideal shear strength, respectively, in Figure 35(b) and Figure
35(c). Since not all values of the simple rule of mixtures were calculable for the screw dislocations,
only the edge dislocations were considered on each plane of the LSR calculations. On the {110}
plane, normalized LSR in MoNbTaW is higher than both Cr-containing MPEAs. This result shows
that lattice distortion effects are not the primary factor for strengthening for this plane. On the
{112} and {123} planes, the normalized LSR in the Cr-containing MPEAs are either similar or
slightly higher than those in MPEAs without Cr, suggesting that the lattice distortion serves as the
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primary strengthening effect. In the meantime, the normalized USFE and normalized ideal shear
strength positively correlate with the lattice distortion on the {110} and {123} planes, but not on
the {112} planes. Taken together, the results suggest that whether the chemical composition or
lattice distortion plays a more important role is strengthening differs among different slip planes.

1.4

{110}

{112}

1.2

{123}

{110}

{112}

{123}

N orm alized IS S

N orm alized U SF E

1.0
1.2

1.0

0.8

0.6

0.4
0.8
0.2
0.0237

0.0367

Lattice Distortion, d

0.0545

0.0237

0.0367

0.0545

Lattice Distortion, d

Figure 35: Plot of (a) normalized LSR, (b) normalized USFE, and (c) normalized ideal
shear strength, with respect to the lattice distortion, in four MPEAs
On the three identified planes, the Peierls stress of Cr is nearly double the of the next closest
value (either Mo or W) in edge dislocations. In all the edge dislocation calculations, the values
obtained following simple rule of mixtures were much lower than the mean LSR values for the
MPEAs but appear better than the results obtained from the A-atom potentials. This comparison
indicates that estimating the LSR of MPEAs via the simple rule of mixtures or A-atom potentials
is not an accurate representation of the stress required to move a dislocation.
5.3.5 Further Discussion
This work discusses the effects of lattice distortion and chemical composition to understand
its role on four refractory MPEAs. An increase in strength has been experimentally studied in
several refractory alloys, which have seen higher values compared to that of pure metals [23, 37-
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39, 41, 42]. In these studies, the increased strength was attributed to a solid solution strengthening
effect or a lattice distortion effect. Both the MoNbTaV and MoNbTaW compositions have been
examined experimentally. In MoNbTaW, Han et al., 2018 [37] found that the compressive yield
strength was 996 MPa at room temperature, while Senkov et al., 2011 [35] determined the value
to be 1058 MPa. Both of were polycrystalline materials. In MoNbTaV, Yao et al., 2016 [36]
showed that the compressive yield strength was 1525 MPa. These differ from the result obtained
in this work, where MoNbTaW has higher LSR than MoNbTaV.
The GSFE and LSR calculations provide similar results in terms of which composition may
perform better mechanically. Both calculations indicated that the Cr-containing compositions are
superior to those without Cr. This result is attributed to the lattice distortion effect due to the small
atomic size of Cr relative to the other elements. This was shown to the predominant factor
according to the edge dislocations on the {112} and {123} planes, however not on the {110} plane.
Increased lattice distortion has previously demonstrated a positive effect on the yield stress or
lattice friction stress [84, 115, 122, 123]. Unlike this work, the previously mentioned studies did
not contain all constituent elements of the same crystal structure (BCC or FCC), but rather mixed.
This may have contributed to the increase lattice mismatch. The current work allowed for the
opportunity to compare the two main factors, i.e., chemical compositions or lattice distortion. This
was considered by the simple rule of mixtures, which averaged the values of individual elements.
The results showed that the composition that had a higher calculated value using the simple rule
of mixtures did not always have the highest calculated value based on the simulations. This implies
that the lattice distortion is the predominant factor to benefit yield strength in some cases. Both
calculations may also provide insight on the local chemical composition. The variation from a
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symmetrical curve of the GSFE and large variations of the LSR values demonstrate alterations in
the local chemical compositions.
The ideal shear strength was used to understand what the preferred glide plane is. The
{110} plane obtained the lowest value for all four MPEA compositions. This indicates the {110}
plane is the most likely slip plane for glide to occur, which is common of BCC metals. Though the
{123} plane had slightly higher values, they were very comparable to those of the {110} plane,
suggesting that slip may also occur on the {123} plane.

Among the four MPEAs, MoNbTaW had the highest screw-to-edge ratios on the respective
plane on the {110} and {123} planes, but lowest on the {112} plane. This indicates that MoNbTaW
has the highest degree of anisotropy on these two planes, while it had the lowest lattice distortion.
The MPEA with the highest lattice distortion has the highest screw-to-edge ratio on the {112}
plane, but the lowest of the four MPEAs on the {110} plane.

PART B: MOLECULAR DYNAMICS
5.4 Molecular Dynamics Simulation Details
As a continuation of the MS work, the further atomic simulations were run using MD to
study the critical resolved shear stresses (CRSS) required for long dislocation (30nm) to glide in
both a void-free and void-containing lattice. A series of six chemical compositions were studied
following CrMoxNbTaVW1-x with x varying from 0 to 1 in increments of 0.2. For comparison, the
same two stresses were studied in the six individual pure metals.
The simulation cells of the HEAs were constructed using the six randomly assigned
chemical elements to BCC lattice sites. A single dislocation was built into each cell. This was done
by applying the corresponding isotropic elastic displacement fields to all atoms [124, 125]. Edge
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dislocations were studied on the {110} and {112} planes, while screw dislocations were only
studied on the {112} plane.
A non-periodic y boundary was applied, while in the x and z directions, periodic boundaries
were applied. Lx, Ly, and Lz are the edge lengths of the cell along the three directions. For all cells,
Lx ≈ 40 nm, Ly ≈ 50 nm, and Lz ≈ 30 nm following [126]. Embedded atom potentials are used to
describe the interatomic interactions. The first peak stress of the stress strain curve related to the
first dislocation movement of a void-free lattice and the first break away from a void in a voidcontaining lattice are reported as the CRSS.
The atomistic simulations are carried out using LAMMPS. A dynamic relaxation step for
10 ps was used using an NPT ensemble at 5K with zero strain applied with a step size of 1 fs. A
shear strain tensor, Δϵ, with eight strain components set to zero and one set to non-zero is applied.
A strain rate of 107 s-1 is used for all cases. While deformation occurs, atoms within the boundary
regions are continuously displaced to create shearing. Atomistic movements are visualized using
OVITO.

5.4.1 Molecular Dynamics Results
The focus is placed on two main stresses: one is the stress required for a long dislocation
line to glide in a void-free lattice and the second is to identify the stress required for a dislocation
to bypass a void. The objective is to understand the strengthening effect that an obstacle may play
to hinder dislocation movement in different HEAs. Since plastic deformation behavior and
strengthening is related to the inhibition of dislocation movement, it is expected that an obstacle
would play a role.
When the simulation cell is subject to an applied shear strain, the dislocation experiences
either multiple movements in the void-free lattice or multiple bypasses of a void. For this reason,
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only the first peak on a stress-strain curve that is related to the first movement or bypass of the
void is reported in this work.

To understand how the stress-strain curve is related to the dislocation movement, Figure
36 presents a schematic representation. There are key points on the stress-strain curve and how the
relate to the position of the dislocation. Point a is the initial position of the dislocation, as strain is
applied and increased, the dislocation begins to move towards the void. Upon interaction with the
void, a small peak stress is experienced and then a slight drop. These are points b and c. As strain
is further applied, the stress correspondingly increases until it reaches a peak value, denoted as d.
This corresponds to the dislocation bowing around the void, attempting to break away. When the
dislocation breaks away from the void, it experiences a rapid drop in stress, noted as point e. As
strain is further applied, the dislocation continues to move through the simulation cell, thus an
increase in stress begins and will repeat the process. This is noted as point f.

CRSS

Figure 36: Depiction of the dislocation position according to the values indicated on the
stress-strain curve.
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5.4.1.1 Critical Resolved Shear Stresses in Pure Metals
The stress-strain curves of the gliding (void-free) cases for edge dislocations on the {110}
and {112} plane and screw dislocations on the {112} plane is presented in Figure 37. On the {110}
plane for edge dislocations, the stress-strain curves are very noisy and similar among the six pure
metals. The CRSS values of the pure metals are presented in Table 17. All six pure metals have
relatively low values, indicating that dislocation glide is relatively easy for edge dislocations on
the {110} plane. On the contrary, this differs for edge dislocations on the {112} plane, where the
CRSS values increase, and Cr is significantly higher than the other five pure metals. The strain
was increased to 0.005 for Cr because within the initial strain of 0.0035, there was no dislocation
glide or peak on the stress-strain curve. For the screw dislocations on the same plane, the CRSS
are significantly higher than the edge dislocations.
{110} Edge Gliding
Mo

{112} Edge Gliding
Ta

V

W

0.5

0.03

Stress (GPa)

Stress (GPa)

0.4
0.02

0.01

0.00

0.3

0.2

2

{112} Screw Gliding
Cr
Mo
Ta
V
W

1

0.1

-0.01
0.000

3

Cr
Mo
Ta
V
W

Stress (GPa)

Cr

0.0
0.001

0.002

Strain

0.003

0.000

0
0.001

0.002

0.003

Strain

0.004

0.005

0.00

0.01

0.02

Strain

Figure 37: The stress-strain curves of pure metals in a void-free lattice.

In a void-containing lattice, the stress-strain curves of the pure metals exhibit a more
uniform nature, especially in the {110} plane. The stress-strain curves are presented in Figure 38.
The CRSS values obtained are significantly higher than in the void-free lattice. The values are
listed in Table 16.
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Table 16: CRSS of pure metals for both gliding and void-containing lattice.
Cr
Mo
Nb
Ta
V
W
CRSSglide (MPa)

31

30

11

11

14

25

CRSSvoid (MPa)

687

639

179

413

194

771

CRSSglide (MPa)

500

232

33

25

137

CRSSvoid (MPa)

817

561

219

368

247

617

CRSSglide (MPa)

2260

1889

509

1493

510

2638

CRSSvoid (MPa)

-

1996

405

1552

510

2593

{110} Edge

{112} Edge

{112} Screw

{110} Edge Dislocation/Void Interaction
Cr

Mo

Nb

Ta

V

W

Cr

Mo

Nb

Ta

V

W

{112}
Screw Dislocation/Void Interaction
3
Cr

Mo

Nb

Ta

V

W

0.8

Stress (GPa)

Stress (GPa)

0.8
0.6
0.4
0.2

0.6
0.4

2

1

0.2

0.0
0.00

{112} Edge Dislocation/Void Interaction
1.0

Stress (GPa)

1.0

0.0
0.01

0.02

Strain

0.03

0.04

0.00

0

0.01

0.02

Strain

0.03

0.04

0.00

0.02

0.04

Strain

Figure 38: The stress-strain curves of pure metals in a void-containing lattice.
The strengthening effect of the void can be evaluated by dividing the CRSS void by
the CRSSglide. Figure 39 presents these measures. The strongest strengthening effect is
seen in edge dislocations on the {110} plane. The ratios range from 16-37, with the
highest seen in Ta. The strengthening effect is not as strong on the {112} plane,
especially for screw dislocations. For edge dislocations, the ratios range from 1.6-9.9,
with the highest being V. The strengthening effect Ta could not be evaluated because of
visualization issues of the dislocation in OVITO. For screw dislocations on the {112}
plane, there was little to no strengthening effects seen, with some experiencing a loss in
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stress in a void containing lattice such as the case in Nb. Similar to the Ta case in the
edge dislocation, Cr could not be evaluated for the screw dislocation.

Figure 39: The strengthening effect of void-containing lattices.
5.4.1.1 Critical Resolved Shear Stresses in HEAs
The CRSS values of both gliding and void-containing cases of HEAs of
CrMoxNbTaVW1-x, where x ranges from 0 to 1 in increments of 0.2 were evaluated. Just
as the case in pure metals, the first movement or break away from the void is reported in
this work. Table 17 outlines the CRSS for both glide and void cases for the six HEA
compositions.
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Table 17: CRSS for gliding and void-containing lattices.
x= 0

x = 0.2 x = 0.4 x = 0.6 x = 0.8 x = 1

CRSSglide (MPa) 2138

1930

1900

1732

1678

1825

CRSSvoid (MPa) 2376

2757

2316

2525

2062

2200

CRSSglide (MPa) 1469

1516

1650

1580

1487

1241

CRSSvoid (MPa) 1879

1581

1772

1643

1806

1615

CRSSglide (MPa) 1995

-

2413

2078

1959

1867

CRSSvoid (MPa) 2153

2396

-

2279

2072

-

{110} Edge

{112} Edge

{112} Screw

Figure 40 presents the CRSS for both the glide and void cases as a function of the amount
of Mo present in increments of 0.2. For the glide cases, the general trend is that as the Mo amount
increases, the CRSS decreases. This, however, is not always the case, specifically for the edge
dislocation on the {112} plane. At x = 0.4, the CRSS increases and the continues to decrease as
Mo increases. The void cases show a different behavior, as there is a slight decreasing trend as Mo
increases, but there is much variation.

Figure 41 shows the strengthening effect of voids in the critical resolved shear stress.
Unlike in the case of pure metals, the strengthening effect is not always as strong on the {110}
plane for edge dislocations. For those cases that the strengthening effect is the highest in that case,
it is not significantly higher than the dislocations on the {112} plane. All the ratio values are
similar, ranging from only 1 to only 1.4 at the highest value. The strengthening of the HEAs can
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be attributed to the inherent strength obtained by the random atomic arrangement of atoms. The
lattice distortion effect was also evaluated. Figure 42 shows the Mo content versus the CRSS Glide
and lattice distortion. It is important to note that the lattice distortion does not change much, as the
atomic radius of Mo and W are similar. It is expected that with an increase in lattice distortion
would be an increase in strength, however this is not the case. This indicates that the lattice
distortion does also not contribute to significant strengthening of the alloy and is dominated by
other mechanisms.

Figure 40: The CRSS of the gliding and void-containing cases of the HEAs as a function
of x, Mo content.
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Figure 41: The ratio of the CRSSvoid/CRSSglide to represent the strengthening effect of
voids present in the lattice.

Figure 42: The CRSSGlide and lattice distortion versus plotted as Mo content.
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Chapter Six: Conclusions
A series of novel high entropy alloys containing refractory elements including Cr,
Mo, Nb, Ta, V, and W were investigated to evaluate their potential use in extreme environments,
such as high temperature applications. Both experimental and theoretical techniques were applied
to a an alloy family, originally investigated by [23], to evaluate the presented alloys holistically.
A CrNbTaVW alloy was investigated following results reported in [55] that the alloy was
able to sustain adequate oxidation until 8000C. The interface of the alloy revealed that Cr, Ta, and
W were the three main elements to oxidize, but did not indicate any evidence of selective oxidation.
The previously identified phases in the microstructure were also able to be identified within the
structure. V appeared to stay near the interface and did not appear throughout the oxide scale at
the top surface. This was confirmed during surface analysis, as only two distinct oxides were seen
at both 700 and 8000C, which were an elongated Ta-W oxide and a granular Cr-oxide. There was
no V present at the surface and only minimal Nb was seen. The thicknesses of the oxide layers
were also measured, from 700 to 8000C, the oxide scale nearly tripled in length, indicating that
there is a significant amount of oxidation that takes begins to place at 800 0C. XRD data revealed
complex oxide growth, which begins oxidation around 5000C, however shows significant changes
beginning at 7000C.
For comparison, a CrMoNbTaW alloy was also investigated. The as-fabricated vacuum arc
melting structure was evaluated. The microstructure revealed a multiphase microstructure
consisting of one W-rich phase, which has a bright, white appearance, and a Mo-rich phase, which
has a dark, rounded, black appearance. The two phases are surrounded by a gray matrix of a nearly
equiatomic solution of the five constituent elements. The XRD results revealed that the alloy
retained a BCC structure and had excellent microhardness values, comparable to or exceeding
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values obtained by other RHEAs. The alloy was annealed at 600-900 0C for 6 hours and revealed
no significant changes within the microstructure. The microhardness values of the annealed
samples did not differ significantly from the as-fabricated samples, indicating thermal stability and
showing no significant softening at elevated temperatures.
Oxidation of the alloy at 12 and 24 hours in the temperature range from 600-1400 0C
initially showed a parabolic mass gain until 12000C, where the mass gain began to decrease and at
13000C experienced mass loss. The alloy was considered to have adequate oxidation resistance up
to 10000C. The surface oxidation layers revealed similar structures after both 12 and 24 hours of
oxidation at respective temperatures. At 8000C the oxide surface began to show a decrease in Mo
content on the surface, until which there was little to no Mo seen at the surface beginning around
11000C. As oxidation temperature increased, the oxide morphology became more defined. There
were two distinct oxides in the temperature range from 1100-1300 0C of an elongated Ta-W-Nb
oxide and a granular Cr-oxide. At 14000C at both oxidation times, the oxides change to be an
elongated Nb-rich oxide with dispersed black, globular oxides of Ta and W. The oxidation
characteristics of the two alloys investigated are similar, as they both contain oxidation products
resulting from Cr, Ta, and W.
Both alloys indicate decent oxidation resistance at moderate temperatures, however, do not
exceed comparable commercially used superalloys, such as Inconel 718. There were no protective
oxides identified in either of the alloys, which is believed to be detrimental to the oxidation
resistance, especially at elevated temperatures. Though the oxidation resistance does not compare
to commercial alloys, the strength values obtained of the as-received CrMoNbTaW alloy indicates
a higher strength material compared to Inconel 718. The alloys do show potential for moderate
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temperature applications, however, further investigation of mechanical properties, both at room
temperature and elevated temperatures, is necessary.
Atomistic simulations of quaternary alloys using MS and MD were conducted to
understand the plastic deformation of a series of four alloy compositions. LSR values were
calculated to provide information about the preferred slip system. Cr-containing compositions
indicated better strength values, which was related to the increased lattice distortion because of the
small atomic size relative to the other constituent elements, though had higher values of variation.
To expand on the dislocation behavior, a series of CrMo xNbTaVW1-x alloys were evaluated
through MD simulations. Long dislocation lines were evaluated for two main critical stresses: one
required to move the dislocation in a void-free lattice and one containing a void. The strengthening
effect was the strongest in pure metals along the {110} plane for edge dislocation but was not as
significant on the {112} plane for both edge and screw dislocations. In the HEA compositions, the
strengthening was not significant because of voids in the lattice. This indicates that the strength of
HEAs is not reliant on obstacles that may be present in the lattice. Both studies provide significant
insight into the characteristics of these materials which may make it easier to decide on specific
compositions for experimental testing.
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